Weld Analysis Using Laser Generated Narrowband Lamb Waves by Ume, Ifeanyi Charles & Wu, Tsun-yen
c12) United States Patent 
Ume et al. 
(54) WELD ANALYSIS USING LASER 
GENERATED NARROWBAND LAMB WAVES 
(75) Inventors: Ifeanyi Charles Ume, Atlanta, GA (US); 
Tsun-Yen Wu, Atlanta, GA (US) 
(73) Assignee: Georgia Tech Research Corporation, 
Atlanta, GA (US) 
( *) Notice: Subject to any disclaimer, the term ofthis 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 0 days. 
(21) Appl. No.: 13/883,304 
(22) PCT Filed: Aug. 30, 2011 
(86) PCT No.: PCT/US2011/049787 
§ 371 (c)(l), 
(2), ( 4) Date: May 3, 2013 
(87) PCT Pub. No.: W02013/032450 
PCT Pub. Date: Mar. 7, 2013 
(65) 
(51) 
(52) 
Prior Publication Data 
US 20I4/0172399 Al Jun. 19, 20I4 
Int. Cl. 
GOIN29/52 
GOIN29/04 
GOIN29/24 
U.S. Cl. 
(2006.0I) 
(2006.0I) 
(2006.0I) 
(Continued) 
CPC ................ GOIN 29/04I (2013.01); B23K 9/I6 
(20I3.01); B23K 9123 (2013.01); B23K 3I/125 
(20I3.01); GOIN 2912412 (20I3.01); GOIN 
29/24I8 (2013.0I); GOIN 291343 (2013.01); 
GOIN 29/44I8 (20I3.01); GOIN 2914472 
(2013.0I); GOIN 29146 (2013.01); B23K 
220III8 (20I3.01); B23K 2203104 (2013.01); 
GOIN 229II0427 (2013.01); GOIN 229Il267 
(20I3.01) 
I lllll llllllll Ill lllll lllll lllll lllll lllll 111111111111111111111111111111111 
US009201046B2 
(IO) Patent No.: US 9,201,046 B2 
Dec. 1, 2015 (45) Date of Patent: 
(58) Field of Classification Search 
CPC .............. GOIN 29/46; GOIN 29/2418; GOIN 
2291/0422; GOIN 29/2412; GOIN 29/4463; 
GOIN 29/449 
USPC .................................... 73/643, 655, 659, 602 
See application file for complete search history. 
(56) References Cited 
U.S. PATENT DOCUMENTS 
4,911,014 A * 3/1990 Lundetal. ...................... 73/602 
5,439,157 A 8/1995 Geier et al. 
(Continued) 
OTHER PUBLICATIONS 
Dixon et al., A Laser-EMAT System for Ultrasonic Weld Inspection, 
Ultrasonics, vol. 37, No. 4, Apr. 1999, pp. 273-281.* 
(Continued) 
Primary Examiner - Lauran Martin 
Assistant Examiner - Rose M Miller 
(74) Attorney, Agent, or Firm - Troutman Sanders LLP; 
Ryan A. Schneider; Benjamin C. Wiles 
(57) ABSTRACT 
A system and method for measuring various weld character-
istics is presented. The system and method can comprise a 
means to measure penetration depth of butt welds in thin 
plates, for example, using laser generated ultrasounds. Super-
imposed line sources (SLS) can be used to generate narrow-
band ultrasounds. A signal processing procedure that com-
bines wavenumber-frequency (k-w) domain filtering and 
synthetic phase tuning (SPT) is used to reduce the complexity 
of Lamb wave signals. The reflection coefficients for different 
wavelengths corresponding to each wave mode can be calcu-
lated. Regression analysis that can include stepwise regres-
sion and correctedAkaike's information criterion (AIC) can 
be performed to build prediction models that use the reflec-
tion coefficients as predictors. 
19 Claims, 21 Drawing Sheets 
260 
(51) 
(56) 
Int. Cl. 
GOJN29/44 
GOJN29/46 
GOJN29/34 
B23K9/16 
B23K9/23 
B23K 31112 
(2006.01) 
(2006.01) 
(2006.01) 
(2006.01) 
(2006.01) 
(2006.01) 
References Cited 
US 9,201,046 B2 
Page 2 
2008/0229832 Al 
2009/0122028 Al 
2009/0301198 Al 
2010/0319456 Al* 
2011/0023609 Al * 
2011/0023610 Al 
2011/0108181 Al 
2013/0047731 Al* 
2013/0228560 Al* 
9/2008 Huang et al. 
512009 Ing 
12/2009 Sohn et al. 
12/2010 Ume et al. ...................... 73/622 
212011 Ume et al. ...................... 73/600 
212011 Ume et al. 
512011 Cal et al. 
212013 Ume et al. ...................... 73/643 
9/2013 Umeetal. 219/137R 
OTHER PUBLICATIONS 
U.S. PATENT DOCUMENTS The International Search Report and Written Opinion dated Dec. 16, 
2011. 
5,608,166 A 
6,397,679 Bl 
7,278,315 Bl 
2003/0234239 Al 
2004/0003662 Al * 
2005/0267703 Al 
2008/0072674 Al * 
3/1997 Monchalin et al. 
612002 Sadok et al. 
10/2007 Klein et al. 
12/2003 Lee et al. 
1/2004 Kenderian et al. .............. 73/579 
12/2005 Bondurant et al. 
3/2008 Ume et al. ...................... 73/627 
The International Preliminary Report on Patentability dated Mar. 13, 
2014. 
Extended European Search Report in related Application No. 
EP11871495.5 dated Mar. 23, 2015. 
* cited by examiner 
U.S. Patent 
,.... 
• 
. en u: 
Dec. 1, 2015 Sheet 1of21 US 9,201,046 B2 
N 
ro 
·-L.. 
cu 
........, 
ro 
0 ~ CL 
I 
~ ~--t----1 
:r: 
a:: 
I 
I 
-0 
<J) 
$ M 
ro 
·-!..... 
Q) 
+-' 
ro 
~ 
U.S. Patent 
0 
0 
0 
ro 
0 
0 
0 
!"'-
Dec. 1, 2015 Sheet 2 of 21 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
<D l.O ~ ('t") N 
(s1w) A+!~o1eA ese4d 
0 
0 
0 
~ 
US 9,201,046 B2 
x 
U.S. Patent 
0 0 
0 0 
0 0 
.Q <O lO 
C'\I 
• 
. 0> Li: 
Dec. 1, 2015 Sheet 3 of 21 
0 0 0 
a o a 
a o a 
"3" ~ C\I 
(s/w) Al!OOl9/\ dnOJf.> 
0 
0 
0 
...--
US 9,201,046 B2 
-N 
-- Ct') I 
.._, 
U.S. Patent Dec. 1, 2015 Sheet 4of21 US 9,201,046 B2 
235 
Fig. 3a 
Prior Art 
260 
255 Sample movement 
Fig. 3b 
U.S. Patent Dec. 1, 2015 Sheet 5 of 21 US 9,201,046 B2 
5 
·--·-----J~~~ .............. :--.""'~--~ ...... ~-~ .. ~""'.$"'....,..""'*"''"'- .... "~·-·"'..c•-•• ... >IN'~ <····· 
~-...-,~.~ . ..<!"'< '(" ;, .. i'#~>r 
__... •••••• .,..~A~ ...... ;>,.V..,..;.d,.-.Y;0,._..,.,.. .. .._ • .....,.,..,~ ................. lo\O.V 
4 ~~.-~.-.-..~~~N..Y'.;._~.-..... __... ..... ~1.,,· 
......-.-.-~~~ ......... ~,,Xv...,...~~v~~ 
~·----~~"611($,?~.:~~·~-~~~ 
+·---4*,....._~- '*""·~--~~<····· 
~uu~~ .... ~-·M( ___ ,0,...J&~Ml,\o-'l~~..w~~ ........... (!ll'l'l•'-'l('O';l•)Oo1• .. • ... :--"'..;..~'V~ 
~~"""'~""···""'· --~~.,_l.,.,it~·-•--...-.....V· 
·----~-----.-~ ...... ~ ... ~ .... ~~.-~~v-... ~~~ .. ,.,._...,."'.,.._~*·~ .. 
~ ............... ~ ..... l<I(>((~:. ((~/;.-...... ~~~~~~·--..,--~-
2 . .,., .. ..,.~~~._~.....,e~~v,.._..**"~-..... ~......,..,._.,.,..., _ _..._.._,~..y,, 
······-1*1~-~~.,,......,.~.,_,... __ ~---;< 
____.........._.,~u;>I)' ,), .n"°'~)!i~) .... ~~~·1~ '«'!'1o<fr ......... ~. Q lA~~ '*>,; ') 
~-~"*.Jf)Cf)!C.~ . ,,,l~•fM4"-~~ .. ~~ 'l:l<0-0 ' ' :&Nl!¥.,\loJ 
1 ~\~:.~ .. ~·<+~ 
----~'*"'~MJ9'"1-~~~-'*'~"'"""~ ..... - ... ~~---~ 
-------.. .... ~~~" -~ ............................... ~,,,..._~.........,..,. ~ 1-. 
-->----~~~~"'"'""'-·-~,~.(o";...o'"...-. ...,. .................. ~.....v ................... .......i:.,.,..,.. .............. ...;.. .................. -"*'!""·-'"~ <:' 
o~~~~~~~~~~~~~~~-
0 so 100 150 
Time (µs) 
Fig. 4a 
s I, · slssrnrn > I,, 
4 ~ :~ii:::ll·::li.hJ\, :::, .&:: )LdL L . :: : ...... , -j 3r11~~-~i,¥~~~=1 
2~.~~. 
11 
o~ 
-1 1 .................................................. L ............. L .................... : .......... .L .............................................. ..J 
0 50 100 150 
Time (p.s) 
Fig. 4b 
U.S. Patent 
....... 
c 
()) 
E (I) 
> 0 
E 
(J) 
0.. 
E 
ro (/) 
Dec. 1, 2015 
E 
E 
co 
co 
N 
-q-
E 
E 
0 
M 
E 
E 
0 
r-.... 
E 
E 
Sheet 6 of 21 
0 
..-
"=t" 
( ...... 
0 
N 
"=t" 
...... 
c 
()) 
E ()) 
~ 
0 
c 
E 
E 
LO 
' 0 
US 9,201,046 B2 
l() 
0 
"=t" 
U.S. Patent 
40 
60 
.-. 
E 
E 40 
-
60 
40 
505 
80 
60 
40 
0 
Dec. 1, 2015 Sheet 7of21 US 9,201,046 B2 
Fig. 6a 
Fig. 6b 
Fig. 6c 
Fig. 6d 
20 40 60 80 
Time (~ts) 
U.S. Patent 
0 
0 
0 
(0 
0 
0 
CD 
0 
0 
0 
...q-
Dec. 1, 2015 
0 
0 
l.() 
·« 
•* 
"' ~ ~ 
:{.._ ... 
0 
0 
0 
N 
0 
0 
"'1" 
0 
Sheet 8 of 21 
0 
0 (Yj 
0 
0 
0 
N 
I 
0 
0 
C\I 
(W/PEJ) Jeqwnu aAEM 
0 
0 
~ 
0 
0 
0 
~ 
I 
US 9,201,046 B2 
0 
0 
0 
(!) 
I 
L() 
N 
l.O 
. 
0 
0. 1 .------,.--------,------,----------,--------. 
Q) 
"'O 
::::i 
+'"' 
a.. 
E 
<( 
Incident AO 
-0.10 20 
-
2 
N 
I 
~ 
-6"' 
c 1.5 
Q) 
::::i 
er 
~ 
LL 
1 
0 20 
Incident SO Jt . Reflected SO 
11!:!11 l '~•~4~,~~l~!~M~\,,W·I~#~\~,,~~~ 
Reflected AO 
40 60 
Time ~is) 
Fig. Ba 
40 60 
Time (µs) 
Fig. Bb 
80 100 
80 100 
~ 
00 
• 
~ 
~ 
~ 
~ 
= ~ 
c 
('D 
~ 
.... 
~ 
N 
0 
.... 
Ul 
1J1 
=-('D 
('D 
"""" 
"° 0 
..... 
N 
.... 
d 
rJl 
\C 
'N 
= 
"'"" 
= ~ 0--, 
= N 
U.S. Patent Dec. 1, 2015 
0 
N 
CX) 
Sheet 10 of 21 
I{) 
0 
CX) 
0 
..... 
CX) 
OJ +-1 
u c 
OJ 0 
a::: a. 
I{) 
...-
CX) 
E 
E 
~ 
Lf'l 
E E 
E E 
N lJ"") 
. 
E 
E 
t-
o 
CX) 
E 
E 
Lf'l 
L!') 
N 
US 9,201,046 B2 
0.8 
0.6 
0.4 
0.2 
00 
0.8 
0.6 
0.4 
0.2 
Plate Thickness: 2 mm 
-e-AO->AO, A. = 2 mm 
~; 
12.5 25 37.5 50 62.5 75 87.5 100 
Defect depth (% of plate thickness) 
Fig. 10a 
Plate Thickness: 1.5 mm 
-e-AO->AO, 'A = 2 mm 
~ SO->SO, 'A. = 2 mm 
o~~~~~~~~~~~~~~~~~-
o 12.5 25 37.5 50 62.5 75 87.5 100 
Defect depth (% of plate thickness) 
Fig. 10c 
0.8· 
0.6 
0.4 
0.2 
Plate Thickness: 2 mm 
--&- AO->AO. t.. = 3 rnm 
..... ~-- SO->SO. A. = 3 mm 
o~~~~~~~~~~~~~~~~~-
o 12.5 25 37.5 50 62.5 75 87.5 100 
0.8 
0.6 
0.4 
0.2 
Defect depth (~lo of plate thickness) 
Fig. 10b 
Plate Thickness 1 5 mm 
-e- AD->AO, A, = 3 mm 
·--e---· SO->SO. A. = 3 mm 
/,fl 
//3 
,,;,.,,,Jtr"''""//~ 
,,,/ff-'"'~ 
o~L......~'--~-L..-~-L-~-L-~-L-~~ 
0 12.5 25 37.5 50 62.5 75 87.5 100 
Defect depth (% of plate thickness) 
Fig. 10d 
~ 
00 
• 
~ 
~ 
~ 
~ 
= ~ 
c 
('D 
~ 
.... 
~ 
N 
0 
.... 
Ul 
1J1 
=-('D 
('D 
..... 
.... 
.... 
0 
..... 
N 
.... 
d 
rJl 
\C 
'N 
= 
"'"" 
= ~ 0--, 
= N 
1~~~~~~~~~~~~~~~~ 
0.8·-
0.6 
0.4 
0.2 
f 
"""'"9-AO->AO, Simulation, 'A= 2 mm 
---<«·-AO->AO, Experiment, ·A= 2 mm 
0'----'--------'------'---'-----'----'--------J 
0 12.5 25 37.5 50 62.5 75 87.5 100 
0.8 
0.6 
0.4 
0.2 
0 
0 12.5 
Defect depth(% of plate thickness) 
Fig. 11a 
--&- SO->SO, Simulation, le= 2 mm 
~ SO->SO, Experiment, le = 2 mm 
~_, ~ 
" 
25 37.5 50 62.5 75 87.5 100 
Defect depth(% of plate thickness) 
Fig. 11c 
1 I . . . . I 
-e-AO->AO, Simulation, l = 3 mm 
0.8r 1-----k'·~Ao->AO, Experiment, /.y = 3 mm I 
0.6 ~ 0.4 
0.2 
o~-~-~-~-~-~------J--~~ 
0 12.5 25 37.5 50 62.5 75 87.5 100 
0.8-
0.6-
0.4-
0.2 -
Defect depth(% of plate thickness) 
Fig. 11b 
-e- SO->SO, Simulation, le = 3 mm 
"'"'""'"" SO->SO, Experiment, Iv= 3 mm 
~~ -~-­r r·--
Q--1---'-----~-~-~---'--------J 
0 12.5 25 37.5 50 62.5 75 87.5 100 
Defect depth(% of plate thickness) 
Fig. 11d 
~ 
00 
• 
~ 
~ 
~ 
~ 
= ~ 
c 
('D 
~ 
.... 
~ 
N 
0 
.... 
Ul 
1J1 
=-('D 
('D 
..... 
.... 
N 
0 
..... 
N 
.... 
d 
r.r;_ 
\C 
'N 
= 
'"""" 
= ~ 0--, 
= N 
U.S. Patent Dec. 1, 2015 Sheet 13 of 21 US 9,201,046 B2 
..... 
2 
:J 
a.. 
E 
0 () 
U.S. Patent 
I.{) 
(") 
N 
Dec. 1, 2015 
E 
E 
0 
'<:t 
rl 
Sheet 14 of 21 
0 
(") 
N 
~ 
US 9,201,046 B2 
I.{) 
---0 N 
lo.o7 ~o.o7 1o.o7 ~o 07 ~o,e;7 ~o.o? 
i i ~' ~ ~ ~ -&- PD ~ i •7 i -.. f ~ ·- ~ -- ~ r-r ~ 1 0., 1 0 r :- i 0. I i 0 I 1 0. 1 ,,,,;,:t .. ,, Std. Dev. ~ 
~ i : ~ ~ ~ ~ ~ i / ~ ~ ~ ~ ~ r-: r;;:: fJ .1 (~ r·.~=; .: ~ r·: n~:: Jn (~r=; ~ :·: r-:y: ~ n :;:-:: r····-·.... ~,,..~ r/........ 1: r·····--... ~l.. ~·i, ......... ~ ~· ......... ,,; ~·-·· .. ... 
! ~ / ! -. l ! x··..... ! I-, ! 1 O.o ,,,~ 1 O.b J' 1 0.6 ., .... ,, 1 0.6 i U b 1 ~ ~/ i / ~ •, ... ,,,. ~ ,..~ ~ ~ 
jn :·;~: 1r·: "V;, .? lr·~ n~~ ·· .... ,,..... ~r·: rv;. -:.~,·..... .Ir} ,i~~~ jn nc; 
~'..1·····' ~-......... .1 ol; 1 • .1'..1•. ..,, ~ ..... • •. · • .I .. , ~/~.1.. 'I.'•"·'···-' i i : ~ ·-....... ~ . ~ ~ 
i i l ~ 'tl~ \''•v ~ ~ J o 5 ~ n ~ ! ~ n 5 J o 5 ... ~.. ~ o ') J i . i ~.~ / ~ ... . ~ . \ ~ ... ~ 
~ i f ~ ~ ~ ~ ~~ 
i0.04 10 04 / 10.0;~ i:J.04 ~~o c:.;,, ····~·iO.D4 
i i ~ ~ ~ \ ~ .. -.~ 
~ ~ ~ ... ~ ~ ~ \, ~ ~ 1 0.4 1 U.4 l U.4 1 OA \i 1 04 1 
........ ______ ..__,io.03 io.o~>; ~iJ o~;. ~0.03 ~0.02 ~0.03 
07 
..c 
...... 
a.. 
(J) 
0 0.6 
c 
0 
:+;::; 
rn 
!...... Q) 0.5 
c 
© 
0... 
0.4 
~. , 
0.5 0.8 17 25 18 22 150 200 15 20 25 150 175 200 
CTWD (in.) Welding Speed (in/min) Arc Voltage (V) WFR (in/min) Welding Speed (in/min) WFR (in/min) 
Fig. 13a Fig. 13b Fig. 13c Fig. 13d Fig. 13e Fig. 13f 
,. ....  
.... :, ...... .. 
.... _.. . /. 
0,. 
(~) 
c::$ 
~::~ ,,.,, 
.~:1., 
... ; ...... ~ 
n2 
::;. ..... .. 
q ...... ~ 
~) 
,,,. 
, .......... 
{j) 
Ct ... 
i:..oi,.. ... 
() 
'.;;e. 
Q) 
c;2 
'"C5 
• .,1,. .. / 
(j) 
~ 
00 
• 
~ 
~ 
~ 
~ 
= ~ 
c 
('D 
~ 
.... 
. 
N 
0 
.... 
Ul 
1J1 
=-('D 
('D 
..... 
.... 
Ul 
0 
..... 
N 
.... 
d 
rJl. 
\C 
'N 
= 
"'"" 
= ~ 0--, 
= N 
Fig. 14 
30 
CJ) 20 
...... 
c: 
::::i 
0 
() 10 
00 
30 
(J) 20 
..... 
c 
:::i 
0 
0 10 
00 
Distribution (1st set) 
0.2 0.4 0.6 0.8 
Penetration Depth 
Distribution (2nd set) 
0.2 0.4 0.6 0.8 
Penetration Depth 
1 
1 
Normal Probability Plot (1st set) 
s:~a 
0.95 0 ./ m , 
':;:; 0.75 ' ;···< ~0.50 / 
ao.25 ('1 
0.10 ,/ 
0.05 ,,--" 8-82 , :t: 
. i .j. 
0.4 0.5 0.6 0.7 0.8 0.9 
Penetration Depth 
Normal Probability Plot (2nd set) 
8:~a L + 
0.95 
0.90 ~ (J) ' 
= 0.75 · ... 
...... . 
c ro 0.50 
::::i 
0 0.25 
0.10 
0.05 
8:8i t/··· 
0.3 0.4 0.5 0.6 0.7 0.8 
Penetration Depth 
~ 
00 
• 
~ 
~ 
~ 
~ 
= ~ 
c 
('D 
~ 
.... 
~ 
N 
0 
.... 
Ul 
1J1 
=-('D 
('D 
..... 
.... 
O'I 
0 
..... 
N 
.... 
d 
rJl 
\C 
'N 
= 
"'"" 
= ~ 0--, 
= N 
U.S. Patent Dec. 1, 2015 Sheet 17 of 21 
~ .Q u l.t) l.t) 
"""" """" """" • • -~ LL: -~ LL: 
-0 
l.t) 
"""" • -~ LL: 
US 9,201,046 B2 
,,.-... 
(/) 
0 ::L 
"11" .._,, 
....., 
.c 
.9 
LL 
...... 
0 
<J.) 
oE 
C'0 ·-1-
5000 
4000 
3000 
- 2000 
E 
-~ 1000 
.._ 
I... 
(]) 0 .0 
E 
::I 
a3 -1000 
> co 
s -2000 
-3000 
-4000 
-50000 2 4 
{a} 50001 . l , ! { ' 
I I f 
4000 I f S1 
~ A.1/ 
30001 fl I. ' 11 I ! 
ff f I 
20001 ff fj 
/SO: 
10001 t911f 
f zi; 
, (' 
OJ i 
-1000 
-2000 
-3000 
-4000 
6 -50000 2 4 
Frequency (MHz) 
Fig. 16a Fig. 16b 
5000 
(b 
I 
4000 
3000 
2000 
.·: ~ 
Jf. 
::: ;~ 
1000 
0 
-1000 
-2000 
-3000 
-4000 
6 -50000 2 4 
Fig. 16c 
(C 
6 
~ 
00 
• 
~ 
~ 
~ 
~ 
= ~ 
c 
('D 
~ 
.... 
~ 
N 
0 
.... 
Ul 
1J1 
=-('D 
('D 
..... 
.... 
QO 
0 
..... 
N 
.... 
d 
rJl 
\C 
'N 
= 
"'"" 
= ~ 0--, 
= N 
3.--~~--,....-~~--.~~~--..~~~-...~~~-.-~~~-.-~~~-. 
/Incident so 
2 
1 Reflected SO--...., 
~ j ~ 'A r.,,, ,~~\f\, , t. , " , & , (; i\ \"" ~ ~ , . "' IHI 1H H' 0 I ··n#m'""''""~"nnn~ /\r«..fV''J·~ 'i fi f\ l\ ,., !\ l\ I\ A v'' v' I !I '''v.l Ml]< fl ,,,_Q,,.,,,,.,f'</'·/<.J'\/.,/Vo/'9"'¢'if\f' " A f II v 'I r' I ' ' ~-., ".f\.,..',?''..(:f·.;:,:-;j~q~ •a -.2~t~~ >;J"f~V'.! ' ¥J\~~ ~"'~~ 
, • -·?·' .•• ¥!.v 
(a) 
2~, n ~ fi s *-i ~ fi 
i i 1111,,!\vr•,rv·,,,,._,,. ' "d\ H•I' '\, · 'yiiai1 'IV 1u11f* d~, 
-1~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
0 10 20 30 40 50 60 70 
Fig. 17a 
3 (b 
....-Incident AO 
2 
1 
Reflected AO-.. , A ,1 f\ ~ O~ fl fl .• tH\ "'f1\ A . '-' 111A H f\J,'\f\j,,' !i JU'\,. 1• r'f'J'.P , , ,.,_.,.,.,,,.,.,,,..,..,,..,.,,.p,_.,,,,,..-/-1'-,.,/ ~ t' ifV\j ~ ,q,r..._; ~ ~' P·/'<?,./'"'"'.lf"•L"""''""""/,if-,.,-,h,.,,,,..,,;-:,_./••.,,,4>/,.'-J \ f ~ ~ t ~ i ~ ~ ~ \ ~ ~ f '\} ~J \./ \ "'>; ~ \ -,,/'.,/'-,J'~.Vhd•.,/"•./"'./'~µ.V••.?••/'•.,,,P•.,,/"•./"•.-/v,pn.-;,..,,,,,.,,,,..,,.,.,. \! '., \I ' l,J "' \j V ' \i ,f \l ii j , l l "< \J I <, '<' ' 
' II \I .I Ii •,ii¥ ? ~ ~ ~ w 
-1 
0 10 20 30 40 50 60 70 
Time of Flight (~ts) 
Fig. 17b 
~ 
00 
• 
~ 
~ 
~ 
~ 
= ~ 
c 
('D 
~ 
.... 
~ 
N 
0 
.... 
Ul 
1J1 
=-('D 
('D 
..... 
.... 
"° 0 
..... 
N 
.... 
d 
rJl. 
\C 
'N 
= 
"'"" 
= ~ 0--, 
= N 
Fig. 18 
p;.r 
1 .. ,1 ...... 
-300. 
-325. 
~350• 
8 ~375 
~· -400•·· 
-425. 
~450. 
~ ~~ 
. ,~_,,.~ .;. ....... 
·> 
/ 
E1 
;:~,J:r· a·B··B··G'·{]··B··f::}.,8-·fJ··S:··B·tl·B··B··El 
.... . ... ,,, 
'·x··· ,,,,,.,,,,,X <:;f.,,,,f~ •.. :--..... ,,.fr(, 
,.:y --f~.t» .. ,, '•,, .' , ;:;;,~;..:··· ,, "·, x ,.... " .... "i?:· · ,, ·,, fc*""· .£.'•, ""''.>; .("' £."'.~:--.. ?'" ,t ,::-r-? i ~:~~vci-X""'~ ~"~--.~-· . \<';<:····><" .,.,')<:_.,. ' 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
Number of predictors (p) 
,,,f::;-,,.,,. A!Gc 
.. ,,)' 
f."'• . .-, 
··i::t' R" 
•.. :p.;; .• ,. RMSE 
(a) 
/.~ 
:~ 
0.9 (\;! 
tr: 
0.3 
~ 
00 
• 
~ 
~ 
~ 
~ 
= ~ 
c 
('D 
~ 
.... 
~ 
N 
0 
.... 
Ul 
1J1 
=-('D 
('D 
..... 
N 
0 
0 
..... 
N 
.... 
d 
rJl. 
\C 
'N 
= 
"'"" 
= ~ 0--, 
= N 
U.S. Patent Dec. 1, 2015 Sheet 21 of 21 US 9,201,046 B2 
0 
n. 
1 {a) 
0.1 (),2 0.3 0.4 0.5 
Actual PD 
Fig. 19a 
G.6 0.7 0.8 O.S 
0.20'-----'----'----"'--, __ ....__ _ __...__ _ __. __ __,_ _ __,_ _ _._ _ ___, 
Q1 Q2 03 DA 0.5 Q6 0.7 OB Q9 
Predicted PD 
Fig. 19b 
0 CL 1 0.2 G.3 0.4 0.5 0.5 
Actual PD 
Fig. 19c 
o~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
H) 20 3{) 40 50 £0 70 80 
Te5t iocations 
Fig. 19d 
US 9,201,046 B2 
1 
WELD ANALYSIS USING LASER 
GENERATED NARROWBAND LAMB WAVES 
CROSS-REFERENCE TO RELATED 
APPLICATIONS 
This application is a US National Stage under 35 U.S.C. 
§371 oflnternationalApplication No. PCT/US2011/049787, 
filed Aug. 30, 2011, which is fully incorporated herein by 
reference as if set forth below. 
BACKGROUND OF THE INVENTION 
1. Field of the Invention 
Embodiments of the present invention relates to a system 
and method for generating narrowband Lamb waves for use 
in, for example and not limitation, non-destructive testing. 
Specifically, embodiments of the present invention relate to 
the non-contact generation of Lamb waves in thin plates using 
laser beams and software analysis to analyze weld parameters 
including, but not limited to, weld penetration. 
2. Background of Related Art 
Butt joint welding is an essential process of joining parts in 
many industries. The schematic of cross section of a butt weld 
is shown in FIG. 1, which depicts a variety of weld dimen-
sions including penetration depth (PD), reinforcement height 
(RH) and bead width (BW). Among them, PD is an important 
geometric parameter that indicates weld quality and is used as 
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the surface evaporates. The ultrasounds generated in the abla-
tion regime are much stronger than those generated in the 
thermoelastic regime, though the latter is generally preferred 
for true NDT. 
Conventionally, a laser or a laser phased array system has 
been used to generate ultrasounds (i.e., bulk waves) to mea-
sure various characteristics in thick structures (e.g., weld 
penetration). A Time of flight diffraction (TOFD) technique 
can be used to evaluate, for example, material defects or weld 
10 characteristics. By measuring the arrival time of an ultrasonic 
signal, for example, various characteristics of weld such a 
penetration depth can be measured. 
When the thickness of the sample approaches the wave-
length of the ultrasonic wave, however, this method no longer 
15 provides accurate data. For thin materials, ultrasonic waves 
give way to Lamb waves, which exhibit very different char-
acteristics compared to the bulk waves that travel in thick 
structures. Lamb waves travel through the cross section of the 
structure, are dispersive, and their traveling speeds are depen-
20 dent on their frequencies. Lamb waves are widely used in 
structural integrity inspection and defect detection in thin 
structures because of their potentials to inspect large area and 
their sensitivity to a variety of damage types. 
The use oflasers to generate Lamb waves is beneficial due 
25 to its noncontact nature. Laser generated ultrasound is broad-
band in nature, however, and this, combined with the disper-
sive nature of Lamb waves, makes signal processing compli-
cated. To simplify signal processing in thin structures, 
therefore, narrowband Lamb waves are desirable. 
Conventionally, this has been achieved using spatial array 
illumination sources produced by, for example, shadow 
masks, optical diffraction gratings, multiple lasers, interfer-
ence patterns, and lenticular arrays. Shadow masks, depicted 
in FIG. 3a, are economical, fairly effective and easy to imple-
a key quality control quantity. The evaluation of PD in butt 
welds in thin plates, therefore, has many practical applica- 30 
tions. Conventionally, cutcheck, i.e., physically cutting the 
sample across the weld, has been widely used to monitor weld 
quality. This procedure, however, is time-consuming, 
destructive, and wasteful. In addition, automated inspection 
using cutcheck is not possible. 35 ment (hereinafter referred to as "pattern source"), but they are 
not flexible and have several disadvantages. These include, 
but are not limited to, the need to fabricate different masks for 
each different wavelength of interest, the absorption of a 
substantial amount of energy by the mask, and the inability to 
For at least the preceding reasons, it is desirable to perform 
non-destructive testing ("NDT") on a variety of materials to 
detect and locate, for example and not limitation, material 
defects, manufacturing defects, and weld quality. As a result, 
considerable resources have been invested to develop NDT 
methods such as, among other things, ultrasonic inspection, 
radiography, thermography, and eddy current inspection. 
Ultrasonic inspection techniques have gained greater 
acceptance for a variety of purposes in recent years. It is one 
of the major techniques used, for example, for inspection of 
welds in structures. Conventionally, contact piezoelectric 
transducers (PZTs) have been used to generate and receive 
ultrasounds during offiine, as opposed to real-time, sample 
inspection. Due to the need for liquid couplants between the 
PZTs and the sample, however, this method is not suitable for 
automated real-time inspection during manufacture. 
Non-contact ultrasonic sensing, on the other hand, has the 
potential to detect defects and discontinuities in real time. 
Using laser generated ultrasounds and an electromagnetic 
acoustic transducer (EMAT) receiver, for example, is one 
method suitable for both offiine and real-time sample quality 
monitoring. Nanosecond pulse width lasers such as, for 
example, Q-switched Nd:YAG lasers can be used to generate 
ultrasound. 
40 practically manufacture masks with very small spacing. In 
addition, because the masks must be manually changed for 
each separate wavelength, experimental setup for masks for a 
large number of wavelengths can be impractical. 
With respect to the analysis of welds in particular, the 
45 relationship between the reflection coefficients of Lamb wave 
modes and geometry of notches with varying width or depth 
in thin plates has been investigated. Some previous methods 
include the boundary element method and the finite element 
method to study reflection coefficients of fundamental A0 and 
50 S0 Lamb wave modes from a notch. Previous investigation 
has shown that reflection coefficients of Lamb waves are not 
only dependent on the geometry of the notches, but also on the 
wavelengths of Lamb waves. The Study of guided waves 
traveling in elastic plates with Gaussian section variation 
55 showed that waves can be trapped in the Gaussian domain 
depending on the incident mode and on the Gaussian maxi-
mum height. 
The geometry of a butt weld can be approximated as a plate 
with Gaussian section variation and a notch. No analytical 
60 solutions or models can be found in the literature, however, to 
describe how Lamb waves propagate in this kind of structure. 
The problem is further complicated by the existence of the 
material interfaces between the weld bead and the base mate-
In use, a high energy, very short duration pulse from the 
laser induces a rapid increase in the local temperature of the 
sample. The heated region expands thermoelastically and 
then slowly contracts when the laser pulse is momentarily 
shut off. The rapid expansion and slower contraction creates 
ultrasounds which propagate through the sample. In addition 65 
to the thermoelastic effect, ablation can occur if the energy of 
the laser pulse is increased to the point that some portion of 
rial. Prior to the development of embodiments of the present 
invention, all that was known is that the reflected waves 
contain information regarding weld dimensions. Utilizing 
this information remained a mystery. 
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What is needed, therefore, is a system and method ("sys-
tem") for efficiently creating narrowband Lamb waves using 
a focused energy source (e.g., one or more laser sources). The 
system should retain the non-contact benefits of conventional 
pattern source methods, but provide improved flexibility and 
efficiency. The system should reduce wave complexity using 
various mathematical methods to enable analysis of wave 
behavior for NDT of, for example, butt welds in thin plates. It 
is to such a system and method that embodiments of the 
present invention are primarily directed. 
BRIEF SUMMARY OF THE INVENTION 
Embodiments of the present invention can comprise a sys-
tem and method for providing laser generated, narrowband 
Lamb waves utilizing various techniques, including, but not 
limited to, superimposed line sources, Fourier transforms, 
and wavelet transforms. The system and method can generate 
narrowband Lamb waves with a dominant wavelength by 
superimposing signals ofline sources at the pitch correspond- 20 
ing to the desired wavelength. The superposition can be per-
formed in software after data are collected to permit flexibil-
In some embodiments, the method can further comprise 
retrieving the signals stored on the computer readable 
medium and superimposing the signals that correspond to a 
first wavelength to create an artificial pattern source. The 
artificial pattern source can also be stored on the computer 
readable medium. In some embodiments, the method can 
further comprise retrieving the artificial pattern source from 
the computer readable medium and reducing the complexity 
of the pattern source using a two-dimensional Fourier trans-
lO form. The simplified pattern source can also be stored on the 
computer readable medium. In some embodiments, the 
method can further comprise retrieving the artificial pattern 
source from the computer readable medium and reducing the 
15 complexity of the pattern source using a complex Morlet 
mother wavelet. In other embodiments, other types of wavelet 
analysis including but not limited to, other mother wavelets 
can be used. 
ity in the wavelength selection. Selecting the dominant 
wavelength in signals can reduce signal complexity and the 
speeds and frequencies of wave modes with the selected 25 
wavelength can be determined using dispersion curves. One 
or more additional techniques can be used to further reduce 
the complexity of the signals. The system and method can be 
used, for example, for defect detection in thin plates. 
Embodiments of the present invention can comprise, for 30 
example, a system for generating narrow band Lamb waves in 
a sample. The system can comprise a concentrated energy 
source, such as a pulse laser, for creating localized heating in 
the sample. The localized heating (and cooling) from the 
pulse laser can cause ultrasonic waves in the sample. An 35 
ultrasound receiver, such as, for example and not limitation, 
an electromagnetic acoustic transducer, can be used to detect 
the ultrasonic waves. In some embodiments, after each laser 
firing a linear stage can move the sample a first predetermined 
distance. The predetermined distance is preferably smaller 40 
than a desired wavelength for analysis. In some embodi-
ments, the predetermined distance can be decided by the 
minimum difference in the wavelengths of interest. In some 
embodiments, a computer readable medium can be used to 
store one or more signals generated by the ultrasound 45 
receiver. 
In some embodiments, the concentrated energy source can 
be fired through a cylindrical lens to convert the concentrated 
energy from the pulsed width laser to a line source pattern. In 
a preferred embodiment, a lens, such as, for example and not 50 
limitation, a concave lens, can be provided to make the laser 
beam collimated. The system can further comprise a com-
puter processor for superimposing the one or more signals 
received by the ultrasound receiver to reduce the complexity 
These and other objects, features and advantages of the 
present invention will become more apparent upon reading 
the following specification in conjunction with the accompa-
nying drawing figures. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a diagram of a conventional butt weld joining two 
pieces of metal. 
FIG. 2a is a graph depicting the relationship between phase 
velocity and frequency for multiple modes of antisymmetric 
and symmetric Lamb wave modes. 
FIG. 2b is a graph depicting the relationship between group 
velocity and frequency for multiple modes of antisymmetric 
and symmetric Lamb wave modes. 
FIG. 3a depicts an experimental setup for a conventional 
pattern source configuration for inducing ultrasonic waves in 
a sample. 
FIG. 3b depicts an experimental setup for a line source 
configuration for inducing ultrasonic waves in a sample, in 
accordance with some embodiments of the present invention. 
FIG. 4a is a graph depicting a plurality signals generated at 
multiple intervals along the sample, in accordance with some 
embodiments of the present invention. 
FIG. 4b is a graph comparing signals generated using 
embodiments of the present invention with signals generated 
using a conventional pattern source. 
FIG. 5 depicts another experimental setup for a line source 
configuration for inducing ultrasonic waves in a sample with 
a defect, in accordance with some embodiments of the present 
invention. 
FIGS. 6a-6d depict wave forms of decreasing complexity 
as they are processed using embodiments of the present 
invention. 
FIG. 7 depicts wave forms that have been simplified using 
a two-dimensional Fourier transform, in accordance with 
some embodiments of the present invention. 
of the signals. In some embodiments, the computer processor 55 
can further reduce the complexity of the signals using, for 
example, a two-dimensional Fourier transform or a complex 
Morlet mother wavelet. 
FIGS. Sa and Sb compare graphs representing symmetric 
and antisymmetric mode signals interpreted in the time-am-
plitude and time-frequency, respectively, in accordance with 
60 some embodiments of the present invention. 
Embodiments of the present invention can also comprise a 
method for generating narrow band Lamb waves in a sample. 
The method can comprise (1) activating a pulsed, concen-
trated energy source to create ultrasonic waves in the sample; 
(2) receiving the ultrasound waves with an ultrasound 
receiver; (3) storing the signal generated by the ultrasound 
receiver on a computer readable medium; (4) moving the 65 
sample a first predetermined distance; and repeating steps 1-4 
until the sample has moved a second predetermined distance. 
FIG. 9 depicts yet another experimental setup for a line 
source configuration for inducing ultrasonic waves in a 
sample with a defect, in accordance with some embodiments 
of the present invention. 
FIGS. lOa-1 Od depict simulated results forthe incident and 
reflected symmetric and antisymmetric modes, in accordance 
with some embodiments of the present invention. 
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FIGS. lla-lld compare simulated results with experimen-
tal results produced using embodiments of the present inven-
tion. 
FIGS. 12a and 12b depict yet another experimental setup 
for a line source configuration for inducing ultrasonic waves 
in a sample with a butt weld, in accordance with some 
embodiments of the present invention. 
FIGS. 13a-13/ depict the relationship between various 
weld parameters and weld penetration depth. 
FIG. 14 depicts four histograms of PD and its normal 
probability plots for multiple sets of data. 
FIGS. 15a-15d depict more wave forms of decreasing 
complexity as they are processed using embodiments of the 
present invention. 
FIGS. 16a-16c depict more wave forms that have been 
simplified using a two-dimensional Fourier transform, in 
accordance with some embodiments of the present invention. 
FIGS. 17a and 17b depict graphs representing signals 
interpreted in the time-amplitude domain, in accordance with 
some embodiments of the present invention. 
FIG. 18 is a graph depicting the relationship between Cor-
rected Akaike's Information Criterion and the coefficient of 
determination with respect to the number of predictors in a 
model. 
FIGS. l9a-l9d depict the relationship between predicted 
and measured outcomes from penetration depth using 
embodiments of the present invention. 
DETAILED DESCRIPTION OF THE INVENTION 
6 
are for illustrative purposes only and are not intended to be 
limiting. Other dimensions and proportions are contemplated 
and intended to be included within the scope of the invention. 
As mentioned above, several problems exist with laser 
generated ultrasound generated using conventional tech-
niques, such as the shadow mask technique. Problems 
include, but are not limited to, loss oflaser energy at the mask, 
difficulty in manufacturing the masks, and difficulty in chang-
ing the masks during use. These line sources nonetheless 
10 provided several advantages such as, for example and not 
limitation, enabling non-contact generation of ultrasonic 
waves. Non-contact testing can enable, for example, real-
time NDT of materials during manufacture. Real-time NDT 
can, for example, quickly identify material flaws to enable 
15 manufacturing adjustments to be made in a timely manner, 
which can reduce downtime, increase production, and reduce 
material waste and cost. 
To this end, embodiments of the present invention can 
comprise a method utilizing superimposed line sources 
20 (SLS). The method can generate narrowband Lamb waves 
with a dominant wavelength by superimposing signals from 
line sources at a pitch corresponding to a desired wavelength. 
The superposition can be performed in software so that the 
desired wavelength can be selected after testing. By selecting 
25 the dominant wavelength in the signals, the complexity of 
laser generated broadband signals can be greatly reduced and 
the speeds and frequencies of traveling ultrasounds at the 
selected wavelength can be easily determined using standard 
dispersion curves (i.e., graphs that show relationships 
30 between wave velocity, wavelength, and frequency in disper-
sive systems). The knowledge of speeds and frequencies of 
narrowband Lamb wave can enable the identification and 
time-of-flight analysis for each Lamb wave mode. 
Embodiments of the present invention relate generally to a 
system for generating narrowband Lamb waves using one or 
more lasers, and specifically to a system and method for 
generating narrowband Lamb waves in thin materials for 
conducting non-destructive testing ("NDT') and analysis of 35 
welds. The system improves upon conventional methods by 
providing, among other things, additional energy efficiency 
and wavelength flexibility. The system can use one or more 
lasers to generate broadband waves in the sample material. 
The signals generated therefrom can be processed to simplify 40 
and isolate the desired wavelengths to determine speed and 
frequency. The knowledge of speeds and frequencies of nar-
rowband Lamb wave modes permits identification and time-
of-flight analysis of each Lamb wave mode in applications. 
This information can be used to develop prediction models 45 
for various weld parameters to facilitate efficient weld analy-
After narrowband Lamb waves have been created using 
SLS, a signal processing procedure that can include wave-
number-frequency (k-w) domain filtering and continuous 
wavelet transform (CWT), which can be used to help identify 
wave packets of the zero order anti-symmetric mode ("A0") 
and the zero order symmetrical mode ("S0") Lamb wave 
modes. This, in tum, can be used to identify, for example and 
not limitation, the location of a material defect in a sample. 
Laser Generation of Ultrasound 
As mentioned above, the use of pulsed lasers to generate 
ultrasound is useful because of its noncontact nature. Unlike 
traditional contact piezoelectric transducers (PZTs ), for 
example, laser generation does not require couplants on the 
surfaces of samples. This makes it suitable for use in, for 
example, automated inspection during production. When the 
laser irradiates the surface of the sample, the high energy and 
sis without the use of conventional cutchecks. 
To simplify and clarify explanation, the system is 
described below as a system for NDT and analysis of welds in 
thin plates. One skilled in the art will recognize, however, that 
the invention is not so limited. The system can also be 
deployed for NDT and analysis in, for example, thick plates 
50 short duration of each pulse induces a quick increase in local 
temperature. The heated region thermoelastically expands 
and then slowly contracts when the laser is switched off. The 
rapid expansion and slower contraction create broadband or where large area analysis provided by Lamb waves is 
desirable. The ability of Lamb waves to travel long distances 
can be useful to enable the NDT of large areas to improve 55 
production speeds and reduce cost. The system can also be 
used for analysis of other types of joints including, but not 
limited to, glued joints. 
ultrasound waves propagating in the sample. 
As shown in FIG. 3b, a laser beam can be directed through 
a cylindrical lens to form a line source that illuminates the 
surface of the sample and generates ultrasonic waves. In a 
preferred embodiment, a lens, or a set of lenses, can be used 
to collimate the laser beam before it is focused. Collimating The materials described hereinafter as making up the vari-
ous elements of the present invention are intended to be 
illustrative and not restrictive. Many suitable materials that 
would perform the same or a similar function as the materials 
described herein are intended to be embraced within the 
scope of the invention. Such other materials not described 
herein can include, but are not limited to, materials that are 
developed, for example, after the time of the development of 
the invention. Any dimensions listed in the various drawings 
60 the beam is not strictly necessary; however, as the laser beam 
can nonetheless be focused into a line source with the proper 
tool (e.g., a shadow mask). The laser can be any suitable laser 
such as, for example, a Continuum Lasers Inlite II-20 pulsed 
Nd:YAG laser. In other embodiments, other non-contact 
65 energy sources such as, for example and not limitation, an 
EMAT (electromagnetic acoustic transducer) can be used to 
generate ultrasounds. 
US 9,201,046 B2 
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The laser can produce a pulsed output at a suitable fre-
quency. In some embodiments, the laser can be operated such 
that the material stays within the thermoplastic regime to 
prevent damage to the sample. In other embodiments, such as 
when a stronger ultrasonic signal is required (e.g., for larger 
samples) a higher energy beam can be used, though some 
ablation may occur. To provide NDT for thin plates, for 
example, a preferred embodiment of the laser can produce a 
firing repetition rate of approximately 20 Hz and a firing 
energy of approximately 46 ml per pulse. In other embodi-
8 
sion curve is at approximately 1.57 MHz and approximately 
1.36 MHz for A0 mode. Once the dominant frequency of each 
mode is determined, the traveling speed can be determined by 
dispersion curves of group velocity versus frequency as 
shown in FIG. 2b in which, the traveling speeds ("Cg") of S0 
and A0 modes are 2255.75 and 3053.65 mis respectively. 
Table 1, below, summarizes the frequencies and wave speeds 
of S0 and A0 modes with different wavelengths and plate 
thicknesses. 
TABLE 1 
Frequency Contents and Traveling Speeds of Lamb Modes 
Plate thickness~ 1.5 mm Plate thickness ~ 2.0 mm 
),,~2mm ),,~2mm ),,~3mm 
Mode Frequency (MHz) Cg(rn/s) Frequency (MHz) Cg(m/s) Frequency (MHz) Cg(m/s) Frequency (MHz) Cg(m/s) 
so 
AO 
1.92 
1.56 
1861.12 
3078.50 
1.55 
0.97 
ments, lasers with higher frequencies can be chosen for 
improved resolution, but these lasers generally increase cost. 
The energy level can be chosen to stay within the thermoplas-
tic regime, or can be increased to enter the ablation regime. 
This decision is material and application specific. 
The waves induced in the sample by the laser can be 
received using, for example and not limitation, comb trans-
ducers, wedges, waves from liquid media, and electromag-
netic acoustic transducers (hereinafter, "EMAT" or "sen-
sor"). In a preferred embodiment, an EMAT with a suitable 
bandwidth based on the sample size and predicted operating 
frequencies can be used. To provide NDT for thin plates, for 
example, a preferred embodiment of the EMAT can have a 
bandwidth of approximately 500 Hz to 2.5 MHz. Of course, 
different materials, material thicknesses, and other param-
eters could dictate the use of an EMAT with a different band-
width. The data received by the EMAT can be gathered using 
an appropriate data acquisition system. 
Frequency and Traveling Speed Evaluation of Narrowband 
Lamb Waves 
The theory and application of Lamb waves is known in the 
art. A key characteristic of Lamb waves is their dispersive 
nature. One consequence of this dispersive nature is that their 
phase and group velocities vary with frequency. Because laser 
generated ultrasound is broadband in nature for a given mode, 
therefore, different frequency components travel at different 
speeds and thus, interfere and present an obstacle to signal 
interpretation. This problem can be addressed by generating 
narrowband Lamb waves with a fixed wavelength, however, 
that contain a dominant frequency, which can enable the 
traveling speeds of different modes to be determined from 
standard dispersion curves. 
FIG. 2a shows the dispersion curves of phase velocity, CP, 
versus frequency in a 2 mm aluminum plate. In the graph, 
wavelengths can be represented as straight lines passing 
through the origin with a slope equal to the wavelengths. If the 
wavelength of the narrowband Lamb waves can be pre-deter-
mined, the frequency content of each mode can be determined 
by the x-coordinate of the intersection between the line and 
the dispersion curves. 
In FIG. 2a, for example, the x coordinate of the intersection 
between the straight line of 2 mm wavelength and S0 <lisper-
2080.02 
3125.90 
1.57 
1.38 
3255.75 
3053.65 
25 Superimposed Line Sources (SLS) 
1.24 
0.85 
1777.90 
3118.65 
Conventionally, as shown in FIG. 3a, narrowband laser 
generated ultrasound has been created using a pattern source. 
To create a pattern source, the laser beam 205 is first expanded 
and collimated and the beam 205 goes through a shadow 
30 mask210 with slits 215. The obvious result is that a portion of 
the laser beam 205 passes through the slits 215 and the 
remainder is blocked (reflected or absorbed) by the mask 210. 
The effect of the generated pattern source 220 can be treated 
as independent line sources 220a illuminating on the surface 
35 of the sample 225 simultaneously. Because of constructive 
interference over the space, narrowband ultrasound with the 
designated wavelength can created as determined by the spac-
ing of the mask. The resulting narrowband signal can be 
captured by a sensor 230 (e.g., an EMAT). It should be noted, 
40 however, that the portion of the laser energy that is blocked by 
the mask 210 is wasted resulting in dimmer, less focused 
pattern sources 237, as illustrated by the laser alignment 
paper235. 
In contrast, using SLS, as shown in FIG. 3b, the laser beam 
45 240 is focused by a cylindrical lens 245 to create a laser line 
source pattern 250. Again, the effect of the generated pattern 
source 250 can be treated as independent line sources 250a 
illuminating on the surface of the sample 225 simultaneously. 
In this configuration, substantially all (other than some pos-
50 sible diffraction in the lens) of the laser beam 240 energy is 
transmitted to the sample 255 and, as shown on the laser 
alignment paper 260. A brighter, more focused line source 
270 is created. The stronger line pattern 250 results in a 
stronger, more coherent ultrasonic signal in the sample 255. 
55 The ultrasonic signal induced by each line source 250a is 
acquired by the sensor 265 and stored in computer memory 
individually. As discussed below, narrowband signals of a 
particular wavelength can then be superimposed using, for 
example, software to amplify signals of a desired frequency 
60 and reduce signal complexity. 
EXAMPLE 1 
To compare the efficacy of the SLS method versus the 
65 conventional pattern source method two preliminary experi-
ments were conducted on a 300x200x2 mm aluminum plate. 
FIGS. 3a and 3b show the schematic of the experiment and 
US 9,201,046 B2 
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the placement of the sensors and the sources for the conven-
tional pattern source (FIG. 3a) and the SLS (FIG. 3b ), respec-
tively. FIG. 3a depicts the experiment using a pattern source 
220 where the laser beam 205 goes through a mask 210 with 
eight slits 215. Each slit 215 is 1 mm wide and 15 mm long 
and the pitch between slits 215 is 2 mm. Also shown is a laser 
mark 237 of the pattern source 220 on the laser alignment 
paper 235. The width of each stripe is about 1 mm and the 
pitch is 2 mm. 
FIG. 3b shows the experiment using SLS where the laser 10 
beam 240 goes through a cylindrical lens 245 and the beam 
240 is focused into a line source 250. Laser marks with 2 mm 
pitch are shown on laser alignment paper 260. Compared with 
the lines 237 in FIG. 3a, the laser energy is clearly more 
focused and each line 270 is much narrower than the stripe of 15 
the pattern source 220. The signal induced by the line source 
250 is then acquired by the EMAT 265. 
10 
where f(x,t) is the response of the pattern source 220 and 
h(x,t) is the response of a single line source 220a and g(x) is 
the input sequence for a pattern source 220 which can be 
expressed as multiple Dirac delta impulses that are separated 
by the distance corresponding to the wavelength as in Eq. 2. 
n 
g(x) = ~ 6(x - iA) 
i=O 
(2) 
where ll is the distance between line sources 220a and it 
corresponds to the desired wavelength to be generated, n 
stands forthe total number ofline sources 220a that constitute 
the pattern source 220, and i is the index of the line source 
220. When i is zero, it denotes the first line source 220a. 
Substitute Eq. 2 into Eq. 1 and the response of the pattern 
source 220 can be derived. The derivation of the convolution 
is shown in Eq. 4: 
20 
After signal acquisition in the initial position, a motorized 
linear stage moves the sample 255 and the EMAT 265 in 0.5 
mm increments while the laser source 250 is fixed and signals 
induced by separate line sources 250a are acquired. An 
example of acquired signals is shown in FIG. 4a where a 
signal is generated at each 0.5 mm increment. The increment 
for sampling is preferably chosen to be smaller than the 
desired wavelength and can be chosen to balance the cost and 25 
time necessary to conduct the measurements with the neces-
sary or desired resolution. In other words, more samples may 
provide more or better information, but this must be balanced 
against the time and expense of taking same. By superimpos-
ing signals generated at the pitch corresponding to the desired 30 
wavelength, an artificial pattern source can be created. The 
superposition of signals pointed to by the dashed arrows to the 
right of the graph, for example, correspond to a 3 mm artificial 
pattern source. The short solid arrows on the left side of the 
graph correspond to a 2 mm source. Similarly, the long solid 35 
arrows on the left side of the graph indicate another 2 mm 
source, but shifted by 0.5 mm (five signals are superimposed 
together). 
The signals corresponding to each pattern source can be 
superimposed (i.e., summed) to produce amplified signals. 40 
FIG. 4b depicts examples of signals from a conventional 2 
mm pattern source (bottom), a 2 mm SLS source (middle) and 
a 3 mm SLS source (top) in the time domain. To enable 
comparison, for the pattern source, the distance between the 
source (i.e., the middle of the pattern) and the receiver is 45 
approximately 30 mm and, for the SLS, the seven signals that 
are superimposed are chosen so that the middle signal is also 
approximately 30 mm away from the receiver. In FIG. 4b, the 
signals are normalized with their own maxima. As shown in 
the figure, the signals corresponding to 2 mm produced by the 50 
SLS technique are very similar to those produced by the 
conventional pattern source. 
Mathematical Equivalence 
f(x, t) = ~ h(x -!;, t)g(i;) (3) 
!'~-= 
= ! h(x-1;, t)(~o(i;-iAJ) 
!'~-= 
Since the first term is independent of i, the summation over i 
can be moved to the front and the order of two summations 
can be interchanged. Eq. 3 becomes Eq. 4. 
n = n 
~ ~ h(x-1;, t)6(i;-iA) = ~h(x-iA, t) (4) 
i=O S=-= i=O 
Eq. 3 and Eq. 4 show that the wave field of a pattern source 
220 that consists of n+ 1 line sources 220a, with a pitch of 6, 
is actually the superposition of n+ 1 shifted replicates of the 
wave field of a single laser line source 220a and the interval 
between each replicate is the wavelength. It should be noted 
that the superposition can be performed after all signals have 
been stored in the computer memory, which enables later 
wavelength selection and processing. 
Signal Processing Procedure 
Embodiments of the present invention can further com-
prise a signal processing method. The signal processing 
method can include multiple parts including, but not limited 
to, (1) wavenumber-frequency (k-w) domain filtering and (2) 
continuous wavelet transforms. Ano bj ective of this method is 
to reduce the complexity of signals and to identify origina-
tions of wave packets so as to facilitate the calculation of 
reflection coefficients resulting from the presence of one or 
more defects. 
To illustrate the signal processing procedure, an experi-
ment as depicted in FIG. 5 can be conducted on a 2 mm 
aluminum plate 405. The plate 405 is held on a motor driven 
linear stage and a laser line source 420 is used to generate 
ultrasounds. On the sample 405, there is an artificial groove 
410 which is 0.8 mm wide and 1.75 mm deep. When con-
ducting the experiments, the laser beam is fixed and the 
sample 405 and the EMAT 415 are moved by the linear stage 
The SLS technique can also be shown to be mathematically 
equivalent to the conventional pattern source technique given 55 
some assumptions. Assume, for example, that the response of 
the wave field for a single line source 220a is h(x,t), and the 
pattern source 220 is made of perfect line sources 220a and 
linearity holds. In the following equations, x denotes the 
distance between the point of interest on the sample 225 and 60 
the first line source 220a (it can be positive or negative 
depending on the signs of the coordinate system) and t 
denotes time. The response of the wave field of the pattern 
source 220 can be expressed as a convolution sum in space 
and the mathematical expression is shown in Eq. 1: 65 at 0.5 mm increments. At each location, 32 signals are 
acquired and averaged to increase signal-to-noise ratio. After 
all ultrasonic signals have been stored into computer memory, j(x,t)~h(x,t)*g(x) (1) 
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the superimposed laser sources are generated by superimpos-
ing every five signals corresponding to 2 mm wavelength 
together. 
FIG. 6a shows the scan of the original signals, where the X 
axis denotes time and the Y axis denotes the distance between 
laser line sources 420 and the EMAT 425. As shown, without 
superimposition of the signals, considerable complexity 
exists making the graph difficult to interpret. FIG. 6b, on the 
other hand, shows the results of the SLS technique. The gray 
scale of the plots represents relative signal amplitude; 10 
although, the contrast and brightness are adjusted for the 
clarity of the plots. There are some wave fronts featuring 
positive slopes 505 and some featuring negative slopes 510 
indicating waves with increasing or decreasing distance of 
travel, respectively, as the laser source 420 is moved away 15 
from the defect 410 and the EMAT 415. 
12 
FIG. Sa shows the onetime-domain signal of FIG. Sb when 
distance between source 420 and the EMAT 415 is 70 mm. 
From the time-domain signal, it can be difficult to identify the 
wave packets of different wave modes. Although some wave 
packets can be distinguished, others can overlap and interfere 
with each other in time. FIG. Sb, on the other hand, shows the 
time-frequency representation of the same signal in the fre-
quency range 1 MHz to 2 MHz. The transformation is done 
using the complex Morlet mother wavelet. The complex Mor-
let mother wavelet can be defined as: 
1 ( r
2
) 'l'(t) = {;f;exp(2mf,t)exp -y; (5) 
where f6 is a bandwidth parameter and fc is the wavelet center 
frequency. f6 and fc are application and signal dependent 
which, in this case, can be chosen to be, for example, 10 and 
1.5 MHz respectively. fc is preferably chosen to be close to the 
frequency content of the signal that is of interest, e.g., the 
center frequency of the received signal f6 can be used to 
control the tradeoffbetween frequency and time resolution in 
the CWT. 
By generating narrowband ultrasound signals, the fre-
quency contents and propagating group velocities of different 
modes can be evaluated. And based on the geometry and the 
placement of the source 420, sensor 415, defect 410, and the 
The signals can be further simplified using additional tech-
niques. The two-dimensional Fourier transform (2D FT) 
method, for example, is known in the art. It is widely used, for 
example, to measure the dispersion curves of Lamb waves 20 
and can be used to identify and measure the amplitudes of 
individual Lamb modes. It is also a critical step in wavenum-
ber-frequency domain filtering technique. When full wave-
field measurements are transformed into wavenumber and 
frequency domain by 2D FT, waves traveling in different 25 
directions will have different signs in wavenumber. By sepa-
rating components with different signs in wavenumbers, 
waves traveling in the different directions can be separated. In 
this case, waves traveling with increasing 505 or decreasing 
510 distance of travel can be separated. 
To illustrate this, the result of2D FT of FIG. 6b is shown in 
FIG. 7 in which the X axis denotes frequency, the Y axis 
denotes wavenumber, and the brightness represents signal 
amplitude (the gray scale is reversed for the clarity of the 
graph). FIG. 7 shows the signals of FIG. 6b ink-w domain in 35 
which four bright stripes can be seen. The image is basically 
symmetrical about the x axis. The image comprises four 
stripes, with two stripes centered on approximately 1.36 MHz 
30 dimension of the tested sample 405, the time of flight (TOF) 
of each wave can be calculated. By transforming the time 
domain signal into time-frequency representation, the wave 
packets can be more easily identified based on the TOF and 
frequency information. In FIG. Sb, for example, it is clear that 
there are two main frequency components in the signal. One 
is centered on approximately 1.36 MHz and the other is 
centered on approximately 1.57 MHz. Referring back to 
Table 1, these frequencies can be readily identified as the A0 
and S0 modes respectively. 
In addition, based on the TOF information, the originations 
of, for example, directed incident and reflected wave packets 
from the defect410 can also be identified. In this example, the 
distance between the source 420 and EMAT 415 is 70 mm. 
According to Table 1, the group velocities of A0 and S0 are 
at ±3141 rad/m and the other two centered on approximately 
1.57 MHz at ±3141 rad/m. Not coincidentally, wavenumber 40 
3141 rad/m corresponds to a wavelength of 2 mm. To apply 
k-w domain filtering, the components with positive wave-
numbers and negative wavenumbers can be filtered out sepa-
rately and then returned to the space-time representation by 
taking the inverse 2D FT of the filtered signals. 
The results are shown in FIG. 6c (positive slope) and 6d 
(negative slope). Compared with FIG. 6b, it is clear that the 
wave fronts with positive slopes 505 and negative slopes 510 
have been separated successfully and the complexity of sig-
nals is greatly reduced. In addition, because the direct inci- 50 
dent waves and reflection waves from the defect 410 have 
45 3053.65 m/s and 2255.75 mis, respectively. The TOF for 
direct incident waves of these two modes are 22.92 µs (i.e., 70 
mm/3053.65 mis) and 31.03 µs, respectively. Similarly, the 
distance of travel for a reflected wave packet from the defect 
increasing distance of travel as the source 420 is moved away 
from the EMAT 415, FIG. 6c contains all the information 
necessary to calculate the reflection coefficients. 
is 154 mm so the TOF for reflectedA0 and S0 from the defect 
are 50.43 µsand 68.27 µs respectively.As a result, the incident 
A0 , S0 and reflectedA0 , S0 waves can be identified as labeled 
in FIG. Sb and the reflection coefficients can be calculated by 
the division of amplitudes of corresponding wave packets. 
EXAMPLE2 
A set of finite element simulation on thin plates can be 
conducted to show that: (1) SLS has practical applications, 
and (2) the technique ofk-w filtering coupled with continuous 
Laser generated ultrasonic signals are intrinsically non- 55 
stationary, non-periodic and broadband. Although Fourier 
transform is widely used to obtain frequency information in 
signals, it is not suitable for non-stationary signals due to the 
fact that it cannot retain time information. Unlike Fourier 
transform, however, different wavelet functions can be used 60 wavelet transform can be used to correlate reflection coeffi-
cients to defect severity. To simplify problem at hand, the 
laser line sources are assumed to be infinitely long in the 
direction orthogonal to the plane defined by wave propaga-
tion and thickness. In this way, the problem can be reduced to 
in wavelet transforms depending on the application and sig-
nals of interest. This characteristic makes wavelet transforms 
flexible and powerful. Wavelet analysis can approximate a 
signal with shifted and scaled versions of a mother wavelet. 
Signals with sharp changes, for example, can be better ana-
lyzed with an irregular wavelet than with a smooth periodical 
sinusoid as used in Fourier analysis. 
65 a 2D plane strain problem. The material used in the simulation 
is aluminum with the material properties, i.e., longitudinal 
(CL) and shear (Cr) wave speeds, listed in Table 2, below. 
US 9,201,046 B2 
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TABLE2 
Material Properties and Wave Speeds 
E (GPa) v "A (GPa) µ (GPa) CL(m/s) 
70 0.33 51.1 26.3 6194.4 
Cr(m/s) 
3120.2 
14 
f(x) =exp(-~) (8) 
g(t) = _1_exp(-_1_) 
t0 to 
(9) 
where x0 and t0 are set to be 300 µm and 10 ns, respectively, in 
this example. 
The experimental setup for this example is shown in FIG. 9. 
The length of the plate 805 is 255 mm and the thickness is 
either 1.5 mm or 2 mm. A surface breaking notch 810 is 
located 170 mm away from the left end 807 of the plate 805. 
In some embodiments, the simulation of laser generated 
ultrasound can be approached as a sequentially solved tran- 10 
sient thermo-mechanical problem. The temperature field 
induced by the laser input can first be solved and the tempera-
ture distribution can be taken as a thermal nodal load in the 
transient structural analysis in each time step. Then the tran-
sient displacement field can be solved sequentially. To per-
form this analysis, two different physical fields of analyses, 
which share the same geometry and the same mesh but with 
different element types, can be used. In a preferred embodi-
ment, the element type used in thermal analysis is compatible 
with the element type used in structural analysis. Commercial 
software such as, for example and not limitation, Abaqus 6.8 
can be used to perform this analysis. 
15 The width, w, of the notch 810 is 0.8 mm and the depth, d, is 
increased from 1/s of the plate thickness to 7/s of the plate 
thickness in increments of 1/s of the thickness of the plate. 
The receiving point 815 is located 125 mm away from the 
left side 807 of the plate 805. For a given notch depth, ultra-
Due to the large temperature gradient over a short period of 
time at the location where the laser illuminates the sample, 
fine mesh is preferred to capture an accurate transient tem-
perature field. The element size needed for calculating accu-
rate transient structural field (i.e., the area away from the laser 
20 sonic signals are generated separately by 20 single line 
sources 820 located between 51 mm and 70 mm away from 
the left end 807 of the plate 805 in 0.5 mm intervals. As 
before, wavenumber-frequency domain filtering can be per-
formed on these signals to separate ultrasounds propagating 
25 in different directions. After the ultrasonic signals are simpli-
fied, narrowband signals corresponding to 2 mm and 3 mm 
wavelengths can be created by superimposing every five sig-
nals together. 
in which the waves propagate), on the other hand is less 
demanding enabling the use of a coarser mesh. In a preferred 
embodiment, a smooth transition from the fine mesh to the 
coarse mesh is provided with a mesh size smaller than 
approximately one-sixth of the wavelength. In this example, 
therefore, a mesh size of 100 µmis used in the wave propa-
gation region and a mesh size of 5 µmis used in the laser input 35 
The narrowband signals can then be processed by the 
30 above mentioned techniques to identify the wave packets 
induced by different sources. The reflection coefficients due 
to the notches can be calculated by dividing the amplitudes of 
the reflected waves by those of incident waves. The simula-
tion results are shown in FIGS. lOa-lOd. 
region. 
In some embodiments, two time steps can be used in the 
analysis, the laser-on stage and the laser-off stage. During the 
heat input (i.e., laser irradiating) stage, the time step is set to 
a small interval (e.g., 1 ns in this example) to capture the rapid 40 
change of temperature distribution from the laser. After-
wards, the time step can be set to a larger interval (e.g., 25 ns) 
for the remainder of the analysis. In some embodiments, the 
appropriate time step can be chosen to correspond to the time 
the fastest possible wave propagates between successive ele- 45 
ments in the mesh. In this configuration, the fastest wave is a 
longitudinal wave with a speed of approximately 6000 mis, 
thus the choice of 25 ns is appropriate. 
The thermal loading condition in the simulation can be 
described as follows: 50 
8T(x, y, t) I 
-k--- = loA(T)f(x)g(t) 
a y top_suiface 
(6) 
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EXAMPLE3 
To validate the simulation results, a set of experiments can 
be conducted. The experimental setup can be the same as the 
setup depicted in FIG. 5 and the testing procedure can be 
substantially the same as the procedure previously described. 
See, "Signal Processing Procedure" section, above. On each 
sample, an artificial groove is made to simulate a surface 
breaking defect. In the example, the plate thickness is 2 mm 
and the grooves are 0.8 mm wide and vary in depth. Seven 
depths are used in these experiments: 0.25, 0.50, 0.75, 1.00, 
1.25, 1.50, and 1.75 mm (i.e., 1/s, 2/s, 3/s, %, 5/s, % and 7/s of the 
plate thickness).A set of five signals that correspond to 2 mm 
or 3 mm wavelength are superimposed and then processed 
using the signal processing procedure discussed earlier. 
Reflection coefficients can then be calculated and compared 
with simulation results. The results and comparison are 
shown in FIGS. lla-lld. 
Discussion of Simulation and Experimental Results 
In FIGS. lOa-lOd, the simulation results of the reflection 
coefficients of modes A0 and S0 with different plate thick-
nesses and wavelengths are presented. In the figures, the 
legend "A0 ->A0 " denotes the coefficients corresponding to 
incident A0 mode and reflected A0 mode and the legend "S0 -
where k is the thermal conductivity, I0 is the incident laser 
energy density, the total energy is set to be 46 ml (i.e., the 
setting used in this example), andA(T) is the optical absorp-
tivity of the specimen surface. For aluminum, the optical 
absorptivity is as follows, where T is in Celsius. 
A(1)~5.2x10-2+3x10-5(T-27) (7) 
60 >S0 " denotes the coefficients corresponding to incident S0 
mode and reflected S0 mode. As expected, the strength of the 
reflection coefficients increases with the severity of the 
defects, however, most of them do not increase monotoni-
f(x) and g(t) are the spatial and temporal distributions of the 65 
laser pulse, respectively. These two functions can be written 
as: 
cally. 
In FIG. lOa, for example, with a plate thickness of2 mm, 
the reflection coefficients for A0 mode and S0 mode with a 2 
mm wavelength are very similar and the frequency-thickness 
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(f-d) product of A0 mode and S0 mode (using data from Table 
1) are 2720 (i.e., 1.36 MHzx2 mm) and 3120 (i.e., 1.57 
MHzx2 mm) Hz-m, respectively. Most parts of the reflection 
coefficients for both cases are between 0.2 and 0.6. In con-
trast, in FIG. 1 Ob, the reflection coefficient curves of A0 mode 
and S0 mode with 3 mm wavelength are very different. The f-d 
product of A0 mode and S0 mode, for example, are 1700 and 
2480 Hz-m, respectively. For A0 mode, the coefficients gradu-
ally rise with the defect depth. The substantially linear 
response between the 3 mm A0 mode in a 2 mm plate makes 10 
it suitable for use as a calibration curve for quantifying defect 
depth. For S0 mode, the coefficients are basically constant 
around 0.2 when the defect depth is below 50% of the plate 
thickness. This is an unexpected result because the symmetric 
modes would generally be expected to be more sensitive to 15 
asymmetric defects in a plate. One possible explanation is 
that the energy is reflected in the form of mode conversion, 
which cannot be measured using the SLS technique. 
16 
EXAMPLE4 
In a controlled experiment, a range of weld dimensions can 
be realized by applying different welding parameters. A 
sample can be made, for example, by welding two pieces of 
A36 steel plates together with a MIG (or wire feed) welder. 
The plate measures 254 mmx140 mmx2.5 mm and the weld 
seam is 216 mm long. The material properties for A36 Steel 
are listed below in Table 3. 
TABLE3 
Material Properties of A36 Steel 
E(GPa) v "A (GPa) µ (GPa) 
A36 Steel 200 0.26 86.0 79.4.3 5584.3 3180.4 
During welding, the MIG torch is fixed and the samples are FIGS. lOc and lOd show reflection coefficients when the 
plate thickness is 1.5 mm. The f-d product of a 2 mm wave-
length A0 mode and S0 mode are 2325 and 2880 Hz-m, 
respectively. The f-d product of 3 mm wavelength A0 mode 
and S0 mode are 1455 and 2325 Hz-m respectively. The 
profile of reflection coefficients for A0 mode with 2 mm 
wavelength shows substantial similarity with the above 
results from a plate thickness of2 mm. For 3 mm wavelength, 
on the other hand, the reflection coefficient of S0 mode 
increases steadily with defect depth, but the A0 mode levels 
off when the defect depth is greater than approximately 50% 
of the plate. 
20 moved by a linear stage with a progrannnable speed. The first 
set of samples is made by varying four welding parameters to 
make wide ranges of weld dimensions. These four parameters 
are contact tip-to-workpiece distance (CTWD), welding 
speed, arc voltage and wire feed rate (WFR). A four-factor 
25 two-level full factorial design of experiment is conducted. 
FIGS. lla-lld shows the comparison between the simu-
lation and experimental results with a 2 mm plate thickness. 
As shown, there is good correlation between the experimental 
results and the simulation. Based on the simulation and 
experimental results, the sensitivities of reflection coeffi-
cients to defect depth are quite different in different situa-
tions. When the plate thickness is 2 mm and the wavelength is 
30 
35 
3 mm, for example, the reflection coefficient of S0 appears 
substantially insensitive to the shallow defects (i.e., when the 
depth is less than 1 mm). Under the same conditions, the 40 
reflection coefficient of A0 , on the other hand, appears sub-
stantially insensitive to the defect depths in the middle range 
(i.e., between 37.5% and 75% of the plate thickness). 
Weld Analysis 
Embodiments of the present invention can also be used to 45 
analyze various characteristics of welds. Weld dimensions are 
affected by many welding parameters including, but not lim-
ited to, electrode extension, arc voltage, welding speed, wire 
feed rate, etc. It is these weld parameters that determine the 
quality and ultimately the strength of the weld. As mentioned 50 
above, conventionally weld inspection has been done using 
the cutcheck method. This involves taking samples and liter-
ally cutting them across the weld. The characteristics of the 
weld can then be directly observed and measured. 
The cutcheck method is a simple and effective means for 
analyzing weld quality. It is, nonetheless, wasteful and time 
consuming. The cutcheck method requires destruction of the 
sample. The cutcheck method is also not suitable for auto-
mated quality control processes as is generally requires 
manipulation and analysis beyond what can be practically 
achieved autonomously. The cutcheck method is also not 
suitable for real-time testing, as they sample must be removed 
from manufacturing (e.g., the assembly line), cut, and ana-
lyzed. Embodiments of the present invention, however, can 
be used to provide NDT that yields accurate information 
regarding weld quality using similar techniques to those 
described above for material defects. 
55 
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The parameters and their levels are shown in Table 4. 
TABLE4 
Welding Parameters for Sample Sets 
First Set Levels Second Set Levels 
Factor + 0 + 
A. CTWD (inch) 0.5 0.8 0.5 
B. Welding speed (in/min) 17 25 15 20 25 
C. Arc voltage (Volt) 18 22 18 
D. Wire feed rate (in/min) 150 200 150 175 200 
There are 16 runs and the run order is randomized to 
minimize lurking variables that are not identified and the 
design matrices are shown in Table 5. The second set of 
samples, also shown in Table 4, is prepared by varying two 
welding parameters, which are welding speed and WFR. A 
two-factor three-level full factorial design is implemented for 
a total of nine runs. To reduce the variability of the weld, the 
CTWD and Arc voltage are held constant for the second set. 
The levels chosen for the second set were based on the cutch-
eck results of the first set. 
TABLES 
Design Matrices for Sample Sets 
First Set Second Set 
Welding Arc Welding 
Run CTWD speed voltage WFR speed WFR 
+ 
2 0 
+ + + 
4 + 0 
+ + 0 0 
+ 0 + 
7 + + + + 
+ + + 0 
9 + + + + 
10 + 
11 + + + 
12 + + 
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TABLE 5-continued 
Design Matrices for Sample Sets 
First Set 
Welding Arc 
Run CTWD speed voltage WFR 
13 + + + 
Second Set 
Welding 
speed WFR 
18 
second set of the samples, there are 81 cutcheck locations (9 
locations on each of the 9 samples). The main effects plots for 
penetration depth ("PD") and standard deviation are shown in 
FIG. 13 in which the solid line plots represent PD and the 
dashed plots represent their standard deviations. The values 
of weld dimensions are normalized by the plate thickness. 
The second set of samples is prepared by holding CTWD 
and arc voltage constant and WFR and welding speed are 
varied because they are easier to control. The CTWD and arc 
14 + + 
15 + + + + 
16 + + + 
10 
voltage are chosen to be 0.5 inch and 18 V to reduce the 
variability of the weld. The main effects plots of PD of the 
second set of samples are shown in FIG. 13 as well. The 
sunmiary of effects of welding parameters on weld dimen-
sions and variation is listed in Table 6, below. The photo and schematic of the experimental setup are 
shown in FIGS. 12a and 12b, respectively. A sample 1205 is 
held vertically on a linear stage 1210. A laser beam 1215 is 15 
directed through a concave lens 1220 and then focused by a 
cylindrical lens 1225 fixed in a mount 1225a to form a line 
source 1230 which illuminates the surface of the samples to 
generate ultrasounds. As before, the laser is a Continuum 
Lasers Inlite II-20 pulsed Nd:YAG Q-switched laser. The 
repetition rate of the laser is 20 Hz, but the energy per pulse is 
increased to 56 ml. An EMAT 1235 with a 0.5-2.5 MHz 
bandwidth is fixed in a mount 1235a and is used to receive the 
ultrasonic signals. The laser 1215 and the EMAT 1235 are 
arranged in a reflection mode so that the EMAT 1235 can 
capture both the direct incident wave and the reflected waves 
from the weld seam 1205a. 
20 
25 
30 
For the first set of samples, sixteen samples are made, and 
for each sample, five locations along the weld seam 1205a are 
inspected. For the second set of samples, nine samples are 
made, and for each sample, nine locations along the weld 
seam 1205a are inspected. Similar to the method used for 
defect detection described above, during the inspection of a 
particular location, the laser beam 1215 is fixed while the 35 
samples and the EMAT 1235 are moved by the linear stage (in 
this case at 0.25 mm increments). As discussed above, the as 
long as the increment is smaller than the desired wavelength, 
its actual size is somewhat arbitrary. In other words, the 
smaller the increment the higher the resolution, but at a cor-
40 
respondingly higher time and/or monetary cost. At each laser 
incident location, 32 signals are acquired and averaged to 
increase signal-to-noise ratio.A total numberof240 averaged 
signals are stored in a computer linked to the EMAT 1235. 
After all of the samples 1205 are inspected nondestruc-
45 
tively, cutchecks are performed to measure the dimensions of 
the welds 1205a. Cross sections of the inspected locations are 
cut out and mounted onto acrylic pucks which are then ground 
and polished. The cross sections of the samples 1205 are 
polished up to grit 800 level and then etched to highlight the 
50 boundaries between the weld beads and the base material. 
Increase PD 
Increase RH 
Increase BW 
Decrease varia-
lion of PD 
Decrease varia-
lion of RH 
Decrease varia-
tionofBW 
TABLE6 
Effects ofWelding Parameters 
CTWD 
First set 
Arc Welding 
Speed Voltage WFR 
Second set 
Welding 
Speed WFR 
The histogram of PD and its normal probability plots of 
both sets of data are shown in FIG. 14. The results show that 
the second set of data is more normally distributed than the 
first set of data, in which several data points have values of 
approximately one. These data points have large leverage and 
can easily bias the developed model( s). The range of PD of the 
second set of data is from 0.3 to 0.8, which is similar to the 
first set of data which range from 0.4 to 0.7. To build models 
with higher accuracy in the range where most of data points 
lie, therefore, simulations models can be developed using the 
second set of data as development data and then validated 
using the first set of data as validation data. 
Signal Processing 
As before, the SLS technique can be used to produce nar-
rowband ultrasounds with every seven signals superimposed 
to produce the desired wavelengths. The desired wavelength 
can be determined by the pitch of the signals that are super-
imposed. If the signals from 7 line sources at a 2 mm interval 
are superimposed together, for example, then 2 mm will be 
the desired wavelength. In Example 4, for example, ten wave-
lengths from 1.75 mm to 4 mm in 0.25 mm increments are 
generated. The wave speed and frequency content of each of 
the Lamb wave modes at the desired wavelength can then be 
The etching solution is nital, or the mixture of 5% nitric acid 
and 100% methanol by volume. After etching, each puck is 
scanned by an optical scanner with 1200 dpi (dot-per-inch) 
resolution and important dimensions are measured. 
For the first set of the samples, there are 160 cutcheck 
locations (10 locations on each of the 16 samples); for the 
55 
estimated from standard dispersion curves. The frequencies, 
phase velocities, and group velocities of S0 and A0 modes of 
the wavelengths of interest are listed in Table 7. 
TABLE 7 
Frequencies, Phase Velocities, and Group Velocities for S0 and A0 Modes 
"A(mm) 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00 
so f(MHz) 1.75 1.56 1.41 1.30 1.22 1.15 1.10 1.06 1.02 0.99 
Cp (m/s) 3068.9 3116.7 3179.7 3257.6 3349.9 3455.1 3541.7 3696.8 3828.7 3964.7 
Cg(m/s) 2787.0 2675.6 2546.9 2407.5 2264.5 2125.7 1999.2 1892.9 1815.1 1773.8 
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TABLE 7-continued 
F reguencies, Phase Velocities, and Group Velocities for Sa and Ao Modes 
"A(mm) 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00 
AO f(MHz) 
Cp (m/s) 
Cg(m/s) 
1.69 1.47 1.29 1.15 1.04 0.94 0.86 0.79 0.72 0.67 
2956.1 2933.2 2907.3 2878.8 2848.3 2816.1 2782.7 2748.3 2713.1 2677.4 
3102.8 3129.1 3152.8 3174.1 3193.0 3209.6 3223.8 3235.6 3245.2 3252.4 
As mentioned above, the broadband and dispersive laser 
ultrasound signals can first be simplified using the SLS tech-
nique. Compare, FIGS. 15a and 15b. In some embodiments, 
the method can further comprise applying k-w domain filter-
ing to filter out additional unwanted waves in the signals. The 
results ofk-w domain filtering are shown in FIGS. 16a-16c in 
which the X axis denotes frequency, the Y axis denotes wave-
number, and the darkness represents signal amplitude (the 
gray scale is reversed to give clarity to the graph). 
FIG. 16( a) shows the original signals in k-w domain, which 
is clearly broadband and dispersive in nature. FIG. 16(b) is 
identical to FIG. 16(a) with the theoretical solutions of Lamb 
wave modes of S0 , A0 , S1 , and S2 modes overlapping the 
experimental data. The k-w result of the signals after applying 
SLS technique for 3 mm wavelength is shown in FIG. 16(c). 
The image is basically symmetrical about the x axis. As 
before, the positive values of the wavenumber are for waves 
propagating with increasing distance of travel, and the nega-
tive values are for the waves with decreasing distance of 
travel. 
The two bright stripes at the top center on approximately 
0.94 MHz, 2094.4 rad/m and 1.15 MHz, 2094.4 rad/m and the 
third stripe at the bottom centers on approximately 0.94 MHz, 
-2094.4 rad/m. The wavenumber 2094.4 rad/m corresponds 
to wavelength 3 mm. The signals with negative wavenumbers 
can be filtered out, leaving only the signals with positive 
wavenumbers. The results can then be inversely transformed 
back into the space-time domain. See, FIG. 15c. Similarly, the 
signals containing positive wavenumbers can be filtered out, 
leaving only the signals with negative wavenumbers. These 
signals can then be inversely transformed back into the space-
time domain. See, FIG. 15d. 
In FIGS. 15c and 15d it is clear that the wave fronts with 
10 
tion coefficients with the weld dimensions can be developed. 
Since no previous analytical formulations exist that describe 
the relationship between weld dimensions and reflection 
coefficients of Lamb waves, other mean must be employed. In 
15 some embodiments, regression analysis can be used here to 
develop one or more empirical models. 
To begin the analysis, the assumption can be made that PD 
is a function of reflection coefficients. In regression analysis, 
a model with fewer independent variables is generally pre-
20 ferred as long as it can explain the data well. A model that 
overfits the data, for example, may give poor predictions. In 
some embodiments, therefore, a stepwise regression method 
and Corrected Akaike' s Information Criterion (AI Cc) can be 
25 
used to formulate the models with fewer significant predic-
tors. 
Stepwise Regression 
In some embodiments, the method can further comprise 
stepwise regression. Stepwise regression is an automatic 
30 model selection algorithm that can identify statistically sig-
nificant variables for a model. It adds or removes variables 
from the model by constantly evaluating the p-value of the 
variables. When using the stepwise regression, therefore, one 
can assign a threshold of p-value, or a. The p-value can be 
35 defined as a measure of how much evidence there is against a 
null hypothesis (i.e., in this case, that there is no correlation 
between PD and the reflection coefficients. In other words, if 
the p-value of a variable is smaller than a, it should be 
included in the model. When the p-value ofa variable is larger 
40 than a, it can be excluded from the model. In addition, by 
varying a one can vary the number of variables in a prediction 
model. The stepwise regression procedures end up with the 
identification of a single "best" model. 
positive slopes and negative slopes have been separated suc-
cessfully and the complexity of the signals is greatly reduced. 45 
Because the direct incident waves and reflection waves from 
the weld seam 1205a have increasing distance of travel as the 
source is moved away from the EMAT 1235, FIG. 15(c) 
contains all the necessary information for calculating reflec-
tion coefficients. By analyzing time-of-flight, the originations 50 
of wave components can be identified. Synthetic phase tuning 
technique can then be used to isolate a particular Lamb wave 
mode. 
Corrected Akaike' s Information Criterion 
In some embodiments, the method can further utilize Cor-
rected Akaike's information criterion. AI Cc is an additional 
tool for model selection that measures how well a statistical 
model fits the data. AICc also penalizes models with large 
numbers of predictors, however, and thus determines the best 
size of the model when it reaches a minimum.AICc is defined 
inEq. 10. 
In some embodiments, for example, the signals can then be 
shifted in time. By shifting the signals properly in time, the 55 
desired mode can be isolated. FIG. l 7a depicts the result for 
3 mm S0 mode and FIG. l 7b depicts the result for 3 mm A0 
mode. In both cases, the incident and reflected waves from the 
weld can be identified by time-of-flight analysis. Thereafter, 
reflection coefficients can be calculated for both Lamb wave 60 
modes for each wavelength of interest. For each test location, 
20 reflection coefficients can be calculated for ten wave-
lengths of two Lamb wave modes. 
Analysis, Model Development, and Validation 
A/Cc=nl - +---n(SSE) 2np n n-p-1 (10) 
where n is the number of observations, SSE is sum of square 
error, and p is the number of predictors in the model. In Eq. 
10, n is given and remains constant for a model selection 
problem. As more predictors are added into the model, the 
first term decreases as SSE drops because of a better fit of the 
data but the second term increases as p increases. It will 
eventually reach the point when the decrease of the first term 
In some embodiments, after reflection coefficients at each 
test location have been calculated and dimensions of the 
welds have been measured, models that correlate the reflec-
65 cannot compensate the increase of the second term in Eq. 10. 
The best size of the model is determined whenAICc reaches 
amm1mum. 
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Determination of Form of Regression Models 
Regression analysis can be used to develop one or more 
empirical models to relate weld dimensions to reflection coef-
ficients of Lamb waves. Since there is no theory that can be 
followed to determine the form of the regression models, 
polynomial regression models can be used. Polynomials can 
provide a good approximation of a function that is unknown 
or too complex such as, for example, a true curvilinear 
response. It should be noted, however, that polynomial mod-
els with higher than third order predictor variables present 
should be employed with special caution as these models can 
be highly erratic for interpolations and even small extrapola-
tions. 
In the current empirical model, the dependent variable is 
penetration depth and the independent variables can be the 20 
reflection coefficients. The reflection coefficients can be 
named A0 W x and S0 W x' which denote the reflection coeffi-
22 
regression analysis. Cubic polynomials have 251 coefficients 
to be determined. These coefficients can include one inter-
cept, 20 coefficients for linear terms, 20 coefficients for qua-
dratic terms, 20 coefficients for cubic terms, and 190 coeffi-
cients for the second order cross-product interaction terms. 
Of course, most of these parameters can be omitted because 
they are statistically insignificant. 
Model Development 
In some embodiments, stepwise regression can first be 
10 
used to find a suitable model. A very lenient criterion such as, 
for example, a=0.2 can be used to include more than neces-
sary predictors in the model with the understanding that, in 
this configuration, the model may overfit the data. As men-
tioned above, the p-value is a measure of how much evidence 
15 there is to reject the null hypothesis. In this case, the null 
hypothesis is that the variable under evaluation is not signifi-
cant. The 21 terms selected and their indices are shown in the 
first two columns of Table 9. 
TABLE 9 
Summary of model development and validation for PD 
Index Term p Indices of terms in model AI Cc R2 RMSE 
AOW2 7 -317.942 0.7980 0.1252 
2 AOW5 2 7, 18 -338.43 0.8400 0.1118 
AOW7 3 7, 17, 18 -365.773 0.8665 0.1094 
4 AOW8 4 1, 6, 17, 19 -378.317 0.8765 0.1110 
SOW! 5 1, 6, 11, 14, 16 -402.061 0.8888 0.1108 
SOW4 6 1, 6, 7, 11, 14, 16 -411.761 0.8959 0.1080 
7 SOW6 7 5, 6, 7, 10, 16, 18, 19 -416.513 0.9017 0.1067 
AOW1*AOW2 8 2, 7, 10, 11, 12, 17, 19, 21 -420.596 0.9073 0.1043 
9 AOWl*AOWlO 9 2, 5, 7, 10, 11, 12, 16, 17, 19 -430.719 0.9138 0.0983 
10 AOW2*AOW5 10 2, 4, 5, 7, 10, 11, 12, 16, 17, 19 -435.98 0.9188 0.0941 
11 AOW2*SOW4 11 4, 5, 6, 7, 9, 10, 16, 17, 18, 19, 21 -434.091 0.9236 0.0952 
12 AOW2*SOW6 12 5, 7, 8, 9, 10, 11, 12, 13, 17, 19, 20, 21 -434.404 0.9283 0.0914 
13 AOW5*AOW10 13 2, 5, 7, 8, 9, 10, 11, 12, 13, 16, 17, 19, 20 -421.64 0.9297 0.0955 
14 AOW7*AOW10 14 4, 5, 6, 7, 8, 9, 10, 13, 16, 17, 18, 19, 20, 21 -424.204 0.9305 0.0976 
15 AOW9*SOW4 15 4, 5, 6, 7, 8, 9, 10, 13, 14, 16, 17, 18, 19, 20, 21 -423.206 0.9309 0.1029 
16 SOW1*SOW5 16 2, 4, 5, 7, 8, 9, 10, 11, 12, 13, 15, 16, 17, 19, 20, 21 -421.91 0.9313 0.0912 
17 SOW4*SOW5 17 2, 4, 5, 7, 8, 9, 10, 11, 12, 13, 15, 16, 17, 18, 19, 20, 21 -419.627 0.9315 0.0966 
18 SOW5*SOW6 18 2, 4, 5, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21 -416.686 0.9317 0.0948 
19 SOW7*SOW8 19 2, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21 -413.325 0.9319 0.0998 
20 Aow9'3 20 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21 -408.807 0.9319 0.0973 
21 sows'3 21 ALL -403.877 0.9320 0.1006 
cients of A0 and S0 Lamb wave modes of the x'h wavelength. 
The correspondence between x and the actual wavelength can 
be found in Table 8. 
Statistical software such as, for example and not limitation, 
JMP 8.0 can then be used to calculate AI Cc values for all the 
possible regression models that can be constructed using 
TABLES 
Variables used in Regression Model 
x Wavelength (mm) Mode: AO Mode: SO 
1.75 AOWl SOW! 
2 2.00 AOW2 SOW2 
2.25 AOW3 SOW3 
4 2.50 AOW4 SOW4 
2.75 AOW5 sows 
3.00 AOW6 SOW6 
7 3.25 AOW7 SOW7 
3.50 AOW8 sows 
9 3.75 AOW9 SOW9 
10 4.00 AOWlO SOWlO 
In some embodiments, a cubic polynomial with second 
order cross-product interaction terms can be chosen for the 
so these 21 terms. The analysis can also identify the model that 
gives the lowest AI Cc value for the corresponding number of 
predictors, p, used. The third column in Table 9 denotes the 
number of predictors, p, included in the model. The forth 
column shows the terms corresponding top which are used in 
55 the model to obtain the lowestAICc values. The fifth column 
shows the AI Cc values. The sixth column shows the coeffi-
cient of determination ("R 2") values and the seventh column 
shows the root mean square errors (RMSE), discussed below, 
when these models are validated with the validation data. 
60 For p=2, for example, the model that is constructed using 
term 7 and term 18, or equivalently S0 W 6 and S0 Ws *S0 W 6 , 
gives the lowest AI Cc value as -338.43 and R2 as 0.84. The 
relationship between AI Cc and R 2 values with respect top, or 
the number of predictors in the model, are shown in FIG.18. 
65 The solid line depicts AICc and the dashed line depicts R2 . 
For each p, theAICc value is the smallest value among all the 
possible values obtained from the models with the same num-
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ber of predictors. As expected, the R2 value increases as p 
increases since the addition of predictors tends to reduce the 
error of the model. On the other hand, in this example, the 
AICc value reaches a minimum when pis around 12. 
Model Validation 
TABLE 10 
Coefficients of the Prediction Model 
Term Estimate 
Intercept 1.18219921 
SOW! 0.66770091 
SOW6 -2.6862286 
AOW1*AOW2 2.18494892 
AOWl*AOWlO -2.6532654 
Index Term 
BW*AOW9 
2 BW*SOW4 
BW*SOW7 
4 RH*AOW6 
RH*AOWlO 
RH*SOW3 
7 RH*SOW9 
RH*SOWlO 
9 AOW1*SOW6 
10 AOW2*AOW7 
11 AOW2*SOW3 
12 AOW3*AOW10 
13 AOW6*SOW3 
14 AOW6*SOW10 
15 AOW7*SOW4 
16 sow4'3 
TABLE IO-continued 
Coefficients of the Prediction Model 
Term Estimate 
AOW2*AOW5 -2.4432716 
AOW2*SOW4 -7.5774344 
AOW2*SOW6 4.8703709 
AOW5*AOW10 1.98233193 
SOW4*SOW5 6.18720021 
SOW7*SOW8 -0.2492727 
Aow9'3 0.55037 
sow5'3 -2.500456 
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the model. FIG. 19c shows the relationship between actual 
PD and predicted PD from the model validation data, while 
FIG. l9d shows actual and predicted PD versus experiment 
runs. As shown, correlation between the predicted PD and the 
actual PD is excellent. 
Additional Model Development and Validation with Addition 
of RH and BW as Predictors 
In some embodiments, a laser profilometer can used to 
measure the reinforcement height ("RH") and bead width 
10 ("BW") of a butt weld. The same model development proce-
dure discussed previously can then be applied to build the 
prediction model for PD with RH and BW as predictors. The 
addition of known terms enables a model with a smaller 
number of predictors. The sixteen terms selected by the step-
wise regression using the development data and a=0.2 are 15 
shown in the first two colunms in Table 11. 
TABLE 11 
Sunnnary of Model Development and Validation for PD 
p Indices of terms in model AI Cc R2 RMSE 
7 -271.59 0.8766 0.1043 
2 3, 7 -301.95 0.9174 0.1008 
3 3, 4, 8 -323.90 0.9388 0.0856 
4 3,4, 7,8 -336.39 0.9490 0.0904 
5 3, 4, 7, 8, 14 -340.79 0.9531 0.0839 
6 3, 4, 7, 8, 9, 14 -352.09 0.9605 0.0804 
7 3, 4, 7, 8, 9, 12, 14 -357.11 0.9640 0.0774 
8 2,3,4,7,8,9,12,14 -362.06 0.9672 0.0811 
9 2, 3, 4, 7, 8, 9, 12, 14, 16 -360.87 0.9697 0.0790 
10 3, 4, 7, 8, 9, 10, 11, 13, 15, 16 -358.76 0.9718 0.0837 
11 2, 4, 7, 8, 9, 10, 11, 12, 13, 15, 16 -359.29 0.9745 0.0833 
12 2, 3, 4, 7, 8, 9, 10, 11, 12, 13, 15, 16 -361.32 0.9775 0.0798 
13 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13, 15, 16 -358.88 0.9790 0.0793 
14 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 -355.41 0.9801 0.0842 
15 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 -353.32 0.9816 0.0850 
16 ALL -347.41 0.9821 0.0837 
40 
TABLE 12 
Coefficients of the Prediction Model for PD 
Term Estimate 
45 
Intercept 1.18219921 
SOW! 0.66770091 
SOW6 -2.6862286 
AOW1*AOW2 2.18494892 
AOWl*AOWlO -2.6532654 
50 AOW2*AOW5 -2.4432716 
AOW2*SOW4 -7.5774344 
AOW2*SOW6 4.8703709 
AOW5*AOW10 1.98233193 
To find the model with highest accuracy, the 21 models in 
Table 9 can be built, and error analysis and model validation 55 
can be carried out using validation data. The RMSE with 
respect to p is also shown in FIG. 18. As shown, the RMSE 
reaches a minimum value, 0.0912, when p= 16 and the second 
minimum value, 0.0914, is reached when p=12. Because the 
values are significantly the same, the model with p= 12 should 60 
be chosen since it has fewer predictors. The coefficients of the 
prediction model are shown in Table 10. 
SOW4*SOW5 6.18720021 
SOW7*SOW8 -0.2492727 
Aow9'3 0.55037 
sow5'3 -2.500456 
These sixteen models can be built with increasing number 
of predictors as described in the earlier section. These models 
can then be validated by the validation data and the RMSE 
values of each model are listed in Table 12 as well. The AI Cc 
reaches the local minimum -362.06 when p=S. The R2 values 
increase with p as expected. The RMSE follows the trend of 
AICc and reaches the minimum value, 0.0774, whenp=7. In 
this case, the best model is not the one indicated by the AI Cc 
value. 
The relationship between actual PD and predicted PD from 
the model development data is shown in FIG. l9a. The R2 
value of this model is 0.9312. The residual plot is shown in 65 
FIG. l9b. As shown, most of the errors are within ±0.1 and no 
systematic errors are observed, which indicates adequacy of 
US 9,201,046 B2 
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Compared to the results in Table 12, it clearly shows that 
with the addition of RH and BW as predictors, the model we 
developed can predict PD more accurately with fewer predic-
tors. Therefore, if RH and BW measurements are available, it 
is better to include them into the prediction model. The coef-
ficients of the prediction model are shown in Table 13. The 
results also show that the AICc value cannot always deter-
mine the prediction model. In a preferred embodiment, there-
fore, it can be desirable to validate the model by using another 
26 
benefits of laser generation. A signal processing procedure 
can combines wavenumber-frequency (k-w) domain filtering 
and synthetic phase tuning (SPT) techniques to further reduce 
the complexity of Lamb wave signals and facilitate the cal-
culation of reflection coefficients of different wavelengths 
and wave modes. 
set of data and then calculating the RMSE values to determine 10 
the best model. 
In some embodiments, regression analysis can be used to 
develop prediction models that relate the reflection coeffi-
cients of Lamb waves to the PDs in the butt welds in thin 
plates. The method for the model development can include 
stepwise regression and CorrectedAkaike' s Information Cri-
TABLE 13 
Summary of Model Development and Validation for PD 
Index Term p Indices of terms in model 
BW*AOW9 1 7 
2 BW*SOW4 2 3, 7 
BW*SOW7 3 3, 4, 8 
4 RH*AOW6 4 3,4, 7,8 
RH*AOWlO 5 3, 4, 7, 8, 14 
RH*SOW3 6 3,4, 7, 8, 9, 14 
7 RH*SOW9 7 3,4, 7, 8, 9, 12, 14 
RH*SOWlO 8 2, 3, 4, 7, 8, 9, 12, 14 
9 AOW1*SOW6 9 2, 3, 4, 7, 8, 9, 12, 14, 16 
10 AOW2*AOW7 10 3,4, 7, 8, 9, 10, 11, 13, 15, 16 
11 AOW2*SOW3 11 2,4, 7, 8, 9, 10, 11, 12, 13, 15, 16 
12 AOW3*AOW10 12 2, 3, 4, 7, 8, 9, 10, 11, 12, 13, 15, 16 
13 AOW6*SOW3 13 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13, 15, 16 
14 AOW6*SOW10 14 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 
15 AOW7*SOW4 15 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 
16 sow4'3 16 ALL 
In some embodiments, it may be desirable to analyze more 
models that have the second or third lowest AI Cc values for 
each p, or the number of predictors. If all these models can 
predict PDs equally well, then another criterion may be intro-
duced to decide which model is the best. For example, a 
model that uses reflection coefficients of few er wavelengths is 
better than the one that uses those of more wavelengths 
because this will save both experimental and signal process-
ing time. 
AI Cc R2 RMSE 
-271.59 0.8766 0.1043 
-301.95 0.9174 0.1008 
-323.90 0.9388 0.0856 
-336.39 0.9490 0.0904 
-340.79 0.9531 0.0839 
-352.09 0.9605 0.0804 
-357.11 0.9640 0.0774 
-362.06 0.9672 0.0811 
-360.87 0.9697 0.0790 
-358.76 0.9718 0.0837 
-359.29 0.9745 0.0833 
-361.32 0.9775 0.0798 
-358.88 0.9790 0.0793 
-355.41 0.9801 0.0842 
-353.52 0.9816 0.0850 
-347.41 0.9821 0.0837 
terion (AICc). The method can optimize the number of pre-
dictors used in the prediction models. Reinforcement height 
35 (RH) and bead width (BW) dimensions can be included in the 
prediction model to reduce the number of predictors required 
and to improve the accuracy of the model. 
The simulation and experimental results have shown 
strong agreement, and have demonstrated the potential ofthis 
40 technique in, for example and not limitation, non-destructive 
testing and analysis of welds in thin plates. While several 
possible embodiments are disclosed above, including on-line 
real-time NDT in industrial settings, embodiments of the 
present invention are not so limited. For instance, while sev-
It is possible that any model developed may be unable to 
accurately predict weld behavior when the variables (e.g., 
weld dimensions or material type) are disparate from those 
used in model development. In other words, the models may 
hold true for materials within a certain range of thicknesses or 
for different types of mild steel, but not stainless steel. In 
industry, however, the majority of materials used in the weld-
ing processes in a manufacturing plant are typically fixed. In 
the automobile industry, for example, the type and the thick- 50 
ness of the steel used for a certain part in a car model is 
typically identical. This is, after all, the heart of mass produc-
tion. 
45 era! possible configurations have been disclosed, other suit-
able materials and combinations of materials could be 
selected without departing from the spirit of embodiments of 
the invention. In addition, the location and configuration used 
for various features and components of embodiments of the 
present invention can be varied according to a particular 
material, weld size, or weld setting that requires a slight 
variation due to, for example, surrounding machinery (e.g., 
on an assembly line) or other space and/or power constraints. 
Such changes are intended to be embraced within the scope of In addition, one manufacturing line is usually dedicated to 
one type of material, one thickness, and one type of welding 
process. A welding robot arm, for example, performs one task 
in one cell and the samples are transported to the next cell for 
another task. The process is simple and is, in general, repeated 
without little or no changes. As a result, the data driven 
approach disclosed herein is very efficient, effective, and 
valuable. 
Embodiments of the present invention, therefore, relate to 
a system and method that provide an effective means for 
measuring various weld parameters, including penetration 
depth (PDs) of welds in thin plates. The superimposed laser 
source (SLS) technique can effectively generate narrowband 
Lamb waves in thin plates while retaining the noncontact 
55 the invention. 
The specific configurations, choice of materials, and the 
size and shape of various elements can be varied according to 
particular design specifications or constraints requiring a 
device, system, or method constructed according to the prin-
60 ciples of the invention. Such changes are intended to be 
embraced within the scope of the invention. The presently 
disclosed embodiments, therefore, are considered in all 
respects to be illustrative and not restrictive. The scope of the 
invention is indicated by the appended claims, rather than the 
65 foregoing description, and all changes that come within the 
meaning and range of equivalents thereof are intended to be 
embraced therein. 
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We claim: 
1. A method for non-destructively analyzing a weld in a 
sample comprising: 
(1) activating a pulsed, concentrated energy source to cre-
ate ultrasonic waves in the sample; 
(2) receiving the ultrasound waves with an ultrasound 
receiver; 
(3) storing the signal generated by the ultrasound receiver 
on a computer readable medium; 
(4) moving the sample a first predetermined distance· 10 
repeating steps 1-4 until the sample has moved a se~ond 
predetermined distance and a plurality of signals gener-
ated by the ultrasound receiver have been stored on the 
computer readable medium; 
creating a model correlating the plurality of signals gener- 15 
ated by the ultrasound receiver with empirical data for 
the sample; 
retrieving the signals stored on the computer readable 
medium; 
superimposing the signals that correspond to a first wave- 20 
length to create a first artificial narrowband ultrasound 
source; and 
storing the first artificial narrowband ultrasound source on 
the computer readable medium. 
2. The method of claim 1 further comprising: 
retrieving the first artificial narrowband ultrasound source 
from the computer readable medium; 
25 
reducing the complexity of the first artificial narrowband 
ultrasound source using a two-dimensional Fourier 
transform, producing a second narrowband ultrasound 30 
source; and 
storing the second narrowband ultrasound source on the 
computer readable medium. 
3. The method of claim 1 further comprising: 
retrieving the first artificial narrowband ultrasound source 35 
from the computer readable medium; 
reducing the complexity of the first narrowband ultrasound 
~ource using a complex Mori et mother wavelet, produc-
mg a third narrowband ultrasound source· and 
storing the third narrowband ultrasound sou~ce on a com- 40 
puter readable medium. 
4. The method of claim 1 wherein the first predetermined 
distance is smaller than the first wavelength. 
5. The method of claim 1, wherein the model is created 
using regression analysis. 
6. The method of claim 5, wherein the regression analysis 
further comprises using Corrected Akaike' s Information Cri-
terion. 
7. The method of claim 6 further comprising: 
measuring a reinforcement height of the weld; and 
including reinforcement height as a predictor to be 
included in the regression analysis. 
45 
50 
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8. The method of claim 6 further comprising: 
measuring a bead width of the weld; and 
including bead width as a predictor to be included in the 
regression analysis. 
9. The method of claim 6 further comprising: 
measuring one or more dimensions of the weld using a 
laser profilometer. 
10. A system for non-destructively analyzing a weld in a 
sample comprising: 
a c?ncentrated energy source for creating localized heating 
m the sample to cause ultrasonic waves; 
an ultrasound receiver for receiving the ultrasonic waves; 
a linear stage for moving the sample at a predetermined 
step interval; 
a computer readable medium for storing one or more sig-
nals generated by the ultrasound receiver; 
a model for correlating the one or more signals generated 
by the ultrasound receiver to empirical data; and 
a processor configured to perform the following: 
retrieving the signals stored on the computer readable 
medium; 
superimposing the signals that correspond to a first wave-
length to create a first artificial narrowband ultrasound 
source; and 
storing the first artificial narrowband ultrasound source on 
the computer readable medium. 
11. The system of claim 10, wherein the concentrated 
energy source is a pulse width laser. 
12. The system of claim 10, wherein the concentrated 
energy source is an electromagnetic acoustic transducer 
("EMAT"). 
13. The system of claim 10, wherein the ultrasound 
receiver is an EMAT. 
14. The system of claim 11 further comprising a cylindrical 
lens for converting the concentrated energy from the pulsed 
width laser to a line source narrowband ultrasound. 
15. The system of claim 10 further comprising a computer 
processor for superimposing the one or more signals gener-
ated bytheultrasoundreceiverto reduce the complexity of the 
signals. 
16. The system of claim 15, wherein the computer proces-
sor further reduces the complexity of the signals using a 
complex Morlet mother wavelet. 
17. The system of claim 16, wherein the computer proces-
sor further reduces the complexity of the signals using a 
two-dimensional Fourier transform. 
18. The system of claim 10, wherein the empirical data for 
the model comprises cutcheck data. 
19. The system of claim 10, wherein the model is created 
using regression analysis. 
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